TREHALOSE SYNTHESIS
AND NUTRIENT SIGNALING IN THE YEAST
SACCHAROMYCES CEREVISIAE

Inauguraldissertation

zur
Erlangung der Wiirde eines Doktors der Philosophie
vorgelegt der Philosophisch-Naturwissenschaftlichen Fakultit

der Universitit Basel

von

Anke Reinders

aus Bremen (Deutschland)

Juni 1998



Genehmigt von der Philosophisch-Naturwissenschaftlichen Fakultit
auf Antrag der

Herren Professoren Dr. Andres Wiemken und Dr. Thomas Boller
und Herrn PD Dr. Claudio De Virgilio

Basel, den 30. Juni 1998

Prof. Dr. Thomas A. Bickle
Dekan



ACKNOWLEDGMENTS

First of all I want to thank Andres Wiemken and Thomas Boller for giving me the
opportunity to carry out this PhD thesis at the Botanical Institute. Their continuous inter-
est and support is greatly appreciated.

I am indebted to Claudio De Virgilio who has been my supervisor during the last
two years of my thesis. His enthusiasm for the project and his creativity have been the
motor behind much of what is presented here. Thank you, it's been an exciting time!

Niels Biirckert's expert technical assistance has made my work a great deal easier.
His contributions to this project have been numerous, for which I will always be grateful.
Thanks to his cheerfulness (‘Don't worry, everything's gonna be alright!") and friendship
the past four years have been much happier.

1 thank Christoph Funk with whom I started to work on what later became my main
PhD project and Guido Vogel, for their assistance. A big 'thanks' to Marcel Liischer for
his help with HPLC troubles, small and large, and for his positive attitude. Urs
Hochstrasser is acknowledged for his unflagging willingness to tackle any computer
problem that came up (and there were many).

I am also very grateful to Johan Thevelein, Walter Bell (University of Leuven,
Belgium) and Stefan Hohmann (University Goteborg, Sweden) for the fruitful collabora-
tion on the trehalose synthase complex project. In addition, Johan Thevelein has been
more than helpful in providing strains for the TAKI/RIM15 project. I also greatly en-
joyed our stimulating discussions on several occasions. Stefan Hohmann's interest in my
work is much appreciated.

Many colleagues have contributed to this project by generously providing material,
strains, advice, or words of encouragement. Even with the risk of leaving out someone
unintentionally, I would like to name, in addition to those mentioned above: Mike Hall
and members of his lab, especially Tobias Schmelzle, Thomas Beck, Ulrich Schneider,
and Anja Schmidt (Biocenter, Basel), Maggie Collinge (FMI, Basel), Yvonne Vahlen-
sieck and Thomas Hottiger (CIBA, Basel), Helmut Ruis (University Vienna), and Peter
Piper (University College, London).

I am also grateful to all the other current and former colleagues at the Botanical In-
stitute who made my time there a good experience. Special thanks goes to all those people
"behind the scenes’ without whom nothing would have worked: Erika Roth, Monica Alt,
Kurt Ineichen, Fanny Senn, and Max Schneider.

Thanks to Angela Schlumbaum, Jiirg Lange and the other participants of the Happy
Hour who helped me keeping my sanity.

Last not least I extend my warmest thanks to all the other important people in my
life, my family and my friends, who were there for me and assured me that there is a life
outside the lab.




I

ABBREVIATIONS

ADP adenosine 5'-diphosphate

ATP adenosine 5'-triphosphate

BSA bovine serum albumine

cAMP adenosine 3'-5'-cyclic monophosphate
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kb kilo bases (i.e. 1'000 nucleotides)
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ORF open reading frame
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PCR polymerase chain reaction

RNA ribonucleic acid

SDS sodium dodecylsulfate
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STRE stress-response element
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Tre6P
Tricine
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UDP
X-phosphate

Tris-buffered saline
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tris(hydroxymethyl)-aminomethane

uridine 5'-diphosphate

5-bromo-4-chloro-3-indoly! phosphate toluidinium salt




TABLE OF CONTENTS

ACKNOWLEDGMENTS ...t I
ABBREVIATIONS ... e II
TABLE OF CONTENTS ... e v
SUMMARY . e 1
GENERAL INTRODUCTION. ...coottiiiiimiiniriiiienreeeeirieieeeeieeeinieie e 3
MATERIAL ANDMETHODS . ..ottt 25
NOMENCIATUTE...oovvvivi it 25
Yeast strains and culture conditions .....................ccooiiniin. 25
Bacterial strains and culture conditions.............c..cc.c..cuu... 25
Plasmid ConStructions ..............cccoeeuiviiiiieiiiiniiii e 29
Preparation of genomic or plasmid DNA from yeast................ 36
Yeast transformations .............ccoceeviiiiiiiiiiiiii 37
Two-hybrid screens with Tpsl and Tps2..........cc.ccovevininennn. 37
Cloning of RIMAS ..o, 38
DNA sequencing and sequence analysis.............................. 38

Gene disruption of RIM15
Construction of rim15A strains

Southern blot analysis.............c.cocoiiiiiiiiiiiiiiii

Sporulation and tetrad analysis...................coeeiieiiiiiiiinnn. 42
RNA isolation from yeast .............ccccveieiiiiiiiiiiiiiiiiiinn.. 43
Northern blot analysis.............ccooiviieiiiiiniiiiiiii e, 43
Flow CYIOMeIry . ..cooiiiii i 45
Hear shock and other stress conditions..................... 45
Determination of thermotolerance...................c...ccocviiiiin. 46
ENZYme GSSAYS ....c..ouvneniiiiiiiiniiii it 46
Quantification of trehalose ......................cooiiiiiiiiL. 47
Quantification of glycogen.............c.c.cooiiiiiiiiiiiiiini, 47
Quantification of Drotein ...............co.vuveeeiiieiiiiiiaiiiiin, 48
Purification of epitope-tagged proteins from E.coli................. 48
Co-precipitation experiments ...............ccceeviiuvineinanneiaan... 49
Immunoblot analysis ............c.coiviiiiviniiniii i 50

Kinase assays ........c..coooiiiiiiiiiiiiiii 51



CHAPTER I: STRUCTURAL ANALYSIS OF THE SUBUNITS OF THE
TREHALOSE-6-PHOSPHATE SYNTHASE/PHOSPHATASE
COMPLEX IN SACCHAROMYCES CEREVISIAE AND

THEIR FUNCTION DURING HEAT SHOCK ............cceeneenn. 53
ADBSIIACE .o eeeeeete et eae e e e e a e 54
INErOdUCTION. . vttt eiien ittt e et r e aas 54
RESUILS ©vuvtetetineteeti e e et ettt ter e ra e e e n e eae s 55

Two-hybrid analysis of interactions between Tpsl, Tps2,

Tps3, and Tsll.......coocoiiiiiiimiiiiiiiii e, 55

Effects of TPS1, TPS2, TPS3, and TSL1 deletions................ 56
DTS Lo, WU PP 57
Experimental Procedures..........ccooceviiiiiiiiii 59
AcKnOWIEdZeINENtS ... .c.evuertiiniiniiieiaei e ee e 60
| S S 1 R PO PSP 60

CHAPTER II: IDENTIFICATION AND CHARACTERIZATION OF Rim15, A
NEW PROTEIN KINASE INTERACTING WITH Tpsl IN A

TWO-HYBRID SYSTEM ....ccuiiiiiiiiiiiiiiiiii e 63
IntroduCtion..oi e 64
RESUIES ©u vttt ittt ettt e 69

Two-hybrid screens with Tpsl and Tps2.............ccccccoeeeee. 69
Cloning and sequence analysis of RIM15....................o..n. 72
Gene disruption of RIM15 ..., 76
Effects of RIM15 disruption ............cccoveueiiiiiminniniiniennan, 77
Deletion of RIMI5. oo 82
Effects of RIM15 deletion .............ooooeeiiiiniiiiinniinnnens 84
DISCUSSION ... vvevevaenernenereeninsiensarenraenerasastasasaresataeaens 99

CHAPTER IIT: SACCHAROMYCES CEREVISIAE cAMP-DEPENDENT PRO-
TEIN KINASE CONTROLS ENTRY INTO STATIONARY

PHASE THROUGH THE Riml5 PROTEIN KINASE ............. 103
INErOAUCEIOM. e eenitit it it e e 104
RESUILS 1 vuvvninetie et et ette et a e e e e e aenees 107

Analyses of epistasis with the Ras/cAMP pathway................. 107
Co-precipitation studies of Rim15 with Tpsl or Tpkl ............. 117
Kinase activity of RImI5 .......cocooiiiiiiiiiiiiniine 121

D) ISCUSSIONE « v e tetaetanenineaneenneasaeneeaeaeceaneannennienraiaeaanaanns 128




GENERAL DISCUSSION

REFERENCES



SUMMARY 1

SUMMARY

The non-reducing disaccharide trehalose is widespread in nature and in many or-
ganisms its synthesis has been found to be induced in response to a small set of specific
environmental conditions. In yeast trehalose is accumulated during nutrient starvation,
desiccation, and after exposure to a mild heat shock. Therefore, trehalose has been sug-
gested to act as a stress protectant. Synthesis of trehalose in the yeast Saccharomyces
cerevisiae is a two-step process that is catalyzed by the trehalose-6-phosphate (Tre6P)
synthase/phosphatase complex. This complex is composed of at least three subunits, en-
coded by the genes TPSI, TPS2, and TSLI. The TPS3 gene, a homolog of TSLI, was
identified through systematic sequencing but at the present time, has not been shown to
constitute a fourth subunit of the Tre6P synthase/phosphatase complex. Besides its role in
trehalose synthesis, Tps1 was also found to be important for the regulation of the glyco-
Iytic pathway. The mechanisms by which Tre6P synthase activity is regulated are unclear.
Interestingly however, it has been suggested that Tre6P synthase may be
postranslationally regulated by cAMP-dependent phosphorylation, as has been previously
shown for the trehalose-degrading neutral trehalase. The cAMP-dependent protein kinase
(cAPK) is the central enzyme of the Ras/cAMP pathway in S. cerevisiae, which is
required for proper regulation of growth, cell cycle progression and development in
response to nutritional conditions. By identifying regulators of Tps1 it may therefore be
possible to establish a link between trehalose synthesis, nutrient signaling, and regulation
of glycolysis. The central focus of the present PhD thesis has therefore been the detailed
characterization of the Tre6P synthase/phosphatase complex as well as the identification
of proteins with a regulatory role in trehalose synthesis.

The results of the experimental work are presented in three chapters:

CHAPTER I describes how the two-hybrid system was utilized to directly assay
the physical interactions of Tps1, Tps2, Tps3, and Tsll in vivo. Additionally, physio-
logical experiments were performed with a set of isogenic yeast mutants deleted for the
potential subunits in all possible combinations. With these two approaches it was possible
to show (i) that Tps1, Tps2, Tps3, and Tsl1 interact in vivo, demonstrating for the first
time that Tps3 is part of the complex; (ii) that Tps1, Tps2, and Tps3 are able to form ho-
modimers; (iii) that Tps1 and Tps2 carry the catalytic activities of Tre6P synthase and
Tre6P phosphatase, respectively; and (iv) that Tsl1 and Tps3 might share a common
function with respect to regulation and/or stabilization of the Tre6P synthase/phosphatase
complex. This chapter has been published in Molecular Microbiology 24: 687-695
(Reinders et al., 1997). This project was a collaboration with the group of Johan
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Thevelein (Katholieke Universiteit Leuven, Belgium) and a second publication resulting
from this collaboration was recently submitted to The Journal of Biological Chemistry
(Bell et al., 1998).

Based on the knowledge gained in CHAPTER I, CHAPTER Il describes how a
two-hybrid screen for regulatory proteins of the Tre6P synthase led to the identification of
a new protein kinase gene, RIMI5. Interestingly, one of the phenotypes caused by loss
of RIM15 was the deficiency of trehalose accumnulation in stationary phase. In addition,
stationary rimi54 cells were also defective for the induction of a number of adaptations
usually induced in response to nutrient limitation. These include the accumulation of
glycogen, proper G arrest, acquisition of stress resistance, and transcriptional
derepression of SSA3, HSP12, and HSP26. An interesting additional phenotype of
diploid riml54 cells was their sporulation defect. Together, these phenotypic traits of
rimi54 cells resembled those caused by mutations which result in hyperactive cAPK
(e.g. beyl, RAS2vall9) In contrast to these mutants, however, deletion of RIM15 had
no measurable defect in glucose repression/derepression. Taken together the detailed
physiological investigations of a riml54 mutant presented in this chapter, indicate that
Rim15 may be an element of the Ras/cAMP or a related nutrient signaling pathway.

The hypothesis that Rim15 may be an element of the Ras/cAMP pathway was
further examined in CHAPTER IH. Genetic analyses demonstrated that riml54 is
epistatic to cdc35-10 and complete loss of cAPK activity. In support of this notion,
overexpression of RIM15 suppressed several phenotypes of bcyl-1, exacerbated the
growth defect of a temperature-sensitive cdc35-10 strain, and partially induced a
starvation response in exponentially growing wild-type cells. Intriguingly, kinase assays
with epitope-tagged Rim15 provided evidence that Rim15 has protein kinase activity that
can be inhibited by prior in vitro phosphorylation of Rim15 by cAPK. This result marks
Rim15 as the first protein kinase identified that may be a downstream target of cAPK.
Finally, the possible role of Rim!15 as a potential regulator of Tre6P synthase activity was
investigated by kinase assays and co-precipitation studies. Surprisingly, no evidence for a
phosphorylation of Tpsl by Rim15 could be obtained so far and the regulatory role of
Rim15 with respect to trehalose synthesis remains to be elucidated as will be discussed in
more detail in this chapter. In sum, the results obtained are consistent with a model in
which Rim135 constitutes an element of the Ras/cAMP pathway, acting downstream and
under negative control of cAPK to control entry into stationary phase, including the
accumulation of trehalose. Some of the results presented in CHAPTER 1II and III are part
of a manuscript (Reinders et al., 1998) that has been submitted to Genes & Development
(see first page of these chapters for details).
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GENERAL INTRODUCTION

Following the Ph.D. projects of Thomas Hottiger (1988), Walter Bell (1992), and
Claudio De Virgilio (1993), this has been the fourth Ph.D. thesis at the Botanical Institute
dealing with aspects of trehalose synthesis in yeast. With a plausible concept for the role
of trehalose as a stress protectant worked out previously (T. Hottiger and C. De Virgilio),
and the structural genes coding for the enzymes responsible for trehalose synthesis in
Saccharomyces cerevisiae identified (W. Bell and C. De Virgilio), I set out in 1994 to
further investigate the regulation of trehalose synthesis. In the course of my thesis work
the scope of the project broadened and it now also includes aspects of nutrient signaling
in S. cerevisiae.

This General Introduction explains occurrence, synthesis, and catabolism of treha-
lose, and its role in stress protection. It also describes the unexpected finding of an addi-
tional role of Tps1, the Tre6P synthase, in the regulation of glycolysis. As will be ex-
plained further, one of the conditions under which trehalose synthesis is induced in S.
cerevisiae is under conditions of nutrient limitation, that is, upon entry into stationary
phase. It can be assumed that these two events, namely trehalose accumulation and the
induction of a quiescent state, must be regulated by nutrient signaling pathways. Conse-
quently, this General Introduction also describes stationary phase as a distinct state apart
from the cell cycle, the Ras/cAMP pathway, as an important nutrient signaling pathway
involved in the cells' decision to enter stationary phase, and the possible role of this
pathway in regulating trehalose metabolism.

Occurrence of trehalose

The common name trehalose for a-D-glucopyranosyl o-D-glucopyranoside is de-
rived from trehala manna, the cocoons of Larinus nidificans, a desert weevil from Asia
minor (Berthelot, 1858, cited in Becker ef al., 1996). For the first time trehalose has pro-
bably been isolated from the ergot of rye, therefore it was also named mycose (Wigger,
1832, cited in Elbein, 1974). Since then this disaccharide has been found in a wide range
of different organisms ranging from bacteria to fungi, plants, and lower animals (Elbein,
1974). Interestingly, many of these organisms are anhydrobiotic, which means that they
are capable of withstanding extreme desiccation during drought and to recover completely
upon rehydration. In the dry state these organisms contain high amounts of trehalose and
they can remain metabolically inert for years. Resumption of metabolic activity is usually
accompanied by degradation of trehalose. Known examples of anhydrobiotic organisms
are baker's yeast (S. cerevisiae), but also so-called resurrection plants like the Rose of
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Jericho' (Selaginella lepidophylia), a pteridophyte growing in Mexico, the brine shrimp
(Artemisia salina), and certain nematodes (for a review on anhydrobiosis see Crowe et
al., 1992). Trehalose is also the main haemolymph sugar in insects, providing energy for
the flight muscle (Becker et al., 1996). In higher plants, the occurrence of trehalose was
only reported from a single species, Myrothamnus flabellifolia, a plant found in South-
Western Africa (Bianchi et al., 1993; Drennan et al., 1993; Miiller et al., 1995). Recent
publications reporting the occurrence of trehalose synthesis genes and even low amounts
of trehalose in angiosperms indicates that trehalose may be more widely spread also in
higher plants (Goddijn et al., 1997; Vogel et al., 1998; Blazquez et al., 1998).

Synthesis of trehalose

In yeast trehalose is synthesized by a two-step process in the cytosol, the location
of trehalose storage (Keller et al., 1982). In a first step, trehalose-6-phosphate (Tre6P) is
formed from glucose-6-phosphate (Glu6P) and UDP-glucose (UDPG), catalyzed by the
enzyme Tre6P synthase (EC 2.4.1.15). In a subsequent reaction, the phosphate is clea-
ved off by a highly specific phosphatase, the Tre6P phosphatase (EC 3.1.3.12). The
process was first described by Cabib and Leloir (1958). This type of trehalose synthesis
has also been found in many other trehalose accumulating organisms, for instance other
yeasts (Vicente-Soler et al., 1989; Luyten et al., 1993; Bldzquez et al., 1994), filamen-
tous fungi (Borgia er al., 1996; Wolschek and Kubicek, 1997), slime molds (Roth and
Sussman, 1966; Roth and Sussman, 1968), bacteria (Gizver et al., 1988; Kaasen et al.,
1992), and insects (Becker et al., 1996, and references cited herein). No trehalose
synthesizing enzymes have been studied in detail or even purified from plants. Since it
was reported that genes from Arabidopsis thaliana with homology to S. cerevisige Tre6P
synthase and Tre6P phosphatase genes were able to complement yeast mutants defective
for Tre6P synthase or Tre6P phosphatase, respectively, it seems possible that the same
mode of trehalose synthesis is conserved between plants and . cerevisiae (Blazquez et
al., 1998; Vogel et al., 1998).

In S. cerevisiae, several studies have dealt with the purification and kinetic proper-
ties of trehalose synthesizing enzymes (Cabib and Leloir, 1958; Elander, 1968; Vander-
cammen et al., 1989; Bell et al., 1992; Londesborough and Vuorio, 1991; Londesbor-
ough and Vuorio, 1993; De Virgilio et al., 1993). Early on it had been found that the two
enzymatic activities, Tre6P synthase and Tre6P phosphatase, copurified. Vandercammen
et al. (1989) had therefore suggested that trehalose synthesis might be catalyzed by a bi-
functional enzyme. However, the general picture emerging from the purification studies is
that Tre6P synthase and Tre6P phosphatase are two subunits of a large multimeric protein
complex. This protein complex consists of at least three different subunits. It has an esti-
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mated size of 630-800 kDa. During purification it was found to be rather susceptible to
proteolysis. Some variance existed therefore between the size determinations of the single
subunits made by different groups. Isolation and subsequent sequencing of the genes
coding for these subunits has eventually resolved this particular matter of debate (see be-
low).

In the initial investigation of the biochemical properties of the partially purified
Tre6P synthase/phosphatase, Cabib and Leloir (1958) had determined a pH optimum of
6.6 in the presence of 25 mM Mg?*. Kinetic studies of different groups working with
Tre6P synthase/phosphatase complexes purified to various degrees revealed approximate
Km values for the Tre6P synthase of 3.5 mM for Gluc6P and 0.5 mM for UDPG, strong
inhibition by phosphate and stimulation by fructose-6-phosphate (Fru6P; Elander, 1968;
Vandercammen et al., 1989; Londesborough and Vuorio, 1991; Bell et al., 1992; Lon-
desborough and Vuorio, 1993). The Ky, value determined for the Tre6P phosphatase was
0.2 mM Tre6P at pH 6.0, the optimal pH for activity. In addition, Tre6P phosphatase
was also found to be completely Mg2+ dependent and activated by phosphate
(Vandercammen et al. 1989; Londesborough and Vuorio, 1991; Londesborough and
Vuorio, 1993). ‘

It is known that trehalose levels vary considerably during the life cycle of S. cere-
visiae (see also below). While cells growing rapidly on fermentable carbon sources (e.g.
glucose) usually do not accumulate trehalose, they contain high levels of it in stationary
phase (Lillie and Pringle, 1980). Yeast spores are also known to hold large amounts of
trehalose (Roth, 1970). It is therefore reasonable to assume that trehalose synthesis and
the enzymes responsible for this process should be tightly regulated. Several different
models for the regulation of trehalose synthesis have been discussed in the literature.
These include both transcriptional and posttranslational (i.e. regulation by chemical or
physical effectors, by availability of substrates, by limited proteolysis, and by phospho-
rylation/dephosphorylation) control mechanisms. These particular regulatory aspects of
trehalose synthesis will be dealt with in more detail in the Introduction of Chapter IL

The genes coding for the known subunits of the Tre6P synthase/phosphatase com-
plex in S. cerevisiae have been identified. TPSI (also called TSS! by Vuorio et al., 1993)
was cloned with the help of antibodies raised against the purified protein and codes for
the small subunit. The ORF is 1485 base pairs long, corresponding to 495 amino acids,
and predicted to encode a 56 kDa protein, which is in good agreement with size estima-
tions from purification studies (Bell et al., 1992; Vuorio et al., 1993). Surprisingly, the
sequence of TPS! was found to be almost identical to the previously sequenced CIF/, a
gene essential for growth on glucose (Gonziles et al., 1992). Subsequently, it has been
shown that a number of mutations described earlier as bypl (Breitenbach-Schmitt et al.,
1984), cifl (Navon et al., 1979), and fdpI (van de Poll et al., 1974), and more recently
ggsl (Van Aelst et al., 1993), and glc6 (Cannon ef al., 1994) are all alleles of the same
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gene. Accordingly, the corresponding DNA sequences, CIF] (Gonziles et al., 1992),
GGSI (Van Aelst et al., 1993), and GLC6 (Cannon et al., 1994) are virtually identical to
TPSI. Deletion of TPS1 causes a highly pleiotropic phenotype, including the inability to
grow on rapidly fermentable carbon sources and the lack of trehalose synthesis. These
discoveries had motivated Bell et al. (1992) to suggest that Tps1 might not be the Tre6P
synthase itself but rather a regulatory protein. In the meantime, however, several lines of
evidence, in addition to the fact that sps]4 strains display no Tre6P synthase activity (Bell
et al., 1992), have been presented that make it very likely that Tps1 is indeed the Tre6P
synthase. Accordingly, expression of TPS] in E. coli complemented the Tre6P synthase
deficient orsA mutant (McDougall ef al., 1993), overexpression of TPS1 in E. coli led to
increased Tre6P synthase activity (Vuorio ef al., 1993), and transgenic tobacco plants ex-
pressing TPS] were able to synthesize trehalose (Holmstrom et al., 1996). The potential
role of Tpsl in the regulation of glycolysis will be discussed in more detail below. The
100 kDa-subunit, Tps2, is encoded by the TPS2 gene. The ORF is 2691 base pairs long,
corresponding to 897 amino acids, with a predicted molecular weight of 102.8 kDa (De
Virgilio et al., 1993). TPS2 codes for the Tre6P phosphatase, deletion of the gene results
in accumulation of Tre6P under conditions where the wild-type strain accumulates treha-
lose and leads to temperature sensitivity (De Virgilio et al., 1993). TPS2 is also allelic to
HOG2, a gene whose mutation confers an osmosensitive phenotype and to PFK3, a gene
identified in a screen for mutations that prevent growth on glucose in a pfk! (coding for a
subunit of phosphofructokinase) background (Brewster ef al., 1993; Sur et al., 1994).
Diploid #ps2 cells are unable to sporulate (Sur et al., 1993). The third known subunit,
Tsl1, is encoded by the TSLI gene (Vuorio et al., 1993). The ORF was found to be 3294
base pairs long, corresponding to 1098 amino acids, and encoding a protein with a pre-
dicted molecular weight of 123 kDa. No enzymatic function could be assigned to this
protein but the fact that limited proteolytic degradation of Tsl1 increased the activity of the
Tre6P synthase/phosphatase complex and caused insensitivity to the allosteric regulators
FruéP and phosphate (see above) makes it likely that Tsll has regulatory functions
(Londesborough and Vuorio, 1991; Vuorio et al., 1993).

Remarkably, TPS1 shows striking homology to both TPS2 and TSLI over its en-
tire sequence (30% identity over the entire amino acid sequence of TPSI upon optimal
alignment). The significance of this finding is unclear. A fourth gene, TPS3, with signifi-
cant homology to 7SL! (55% identity upon optimal alignment of the two genes over their
entire amino acid sequences) has been identified by systematic sequencing (Manning et
al., 1992), but has not been shown to be part of the Tre6P synthase/phosphatase complex
(see also Chapter I). This gene predicts a protein of 1055 amino acids with a deduced
molecular weight of 115 kDa.
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Catabolism of trehalose

In yeast and other fungi trehalose is degraded by the enzyme trehalase (EC
3.2.1.28) that cleaves trehalose into two glucose molecules. Trehalase was first described
by Bourquelot (1832, cited in Elbein, 1974). Since that time trehalase activity has been
detected in a wide range of organisms, including some which neither synthesize nor store
trehalose. Examples of such sources are the small intestine and the renal brush-border of
mammals (Ishihara et al., 1997) and many higher plants (reviewed in Miiller ez al., 1995;
see also above). In mammals trehalase activity seems to be important for the hydrolysis of
ingested trehalose, but the role of trehalase in plant tissues is unclear. Trehalase from all
sources is effectively inhibited by validamycin, a structural analog of trehalose (Asano ez
al., 1990).

Because it was observed that yeast cells contained high amounts of trehalose in sta-
tionary phase and simultaneously displayed high trehalase activity, it was suspected that
trehalose and trehalase might be in different compartments. After careful preparation of
vacuoles, Keller er al. (1982) were indeed able to demonstrate that an acid trehalase with a
pH optimum of 5.5 was confined to the vacuoles while trehalose was located in the cyto-
plasm. However, the same group also showed the occurrence of 'trehalase zymogen' in
the cytoplasm, measurable after activation with cAMP and ATP in vitro (Wiemken and
Schellenberg, 1982). They initially concluded that the 'trehalase zymogen' may be a pre-
cursor of the vacuolar trehalase that is transported to the vacuole after phosphorylation. In
1984, Londesborough and Varimo (1984) then purified two separate trehalases with dis-
tinctly different properties from S. cerevisiae. They called them V-trehalase and C-treha-
lase, according to their location in the vacuole and in the cytoplasm. Because of their dif-
ferent pH optima these trehalases are now usually referred to as acid and neutral trehalase.

Acid trehalase

Acid trehalase has been detected in many fungi (reviewed in Thevelein, 1984b). As
described above, in S. cerevisiae it is located in the vacuole. In accordance with this,
Londesborough and Varimo (1984) had found that this trehalase binds strongly to Con-
canavalin A, suggesting that it is a glycosylated protein. This has later been confirmed by
Mittenbiihler and Holzer (1988) who determined a carbohydrate content of 86% for acid
trehalase. In accordance with the vacuolar localization it was also found that defects in the
secretory pathway lead to a decrease of vacuolar trehalase activity while the cytosolic ac-
tivity of neutral trehalase was not affected (Harris and Cotter, 1987). The same authors
could also demonstrate that maturation of a precursor in the vacuole depends upon pro-
teinase A (Harris and Cotter, 1988). The size of glycosylated acid trehalase was estimated
to be 210-215 kDa (Londesborough and Varimo, 1984; Mittenbiihler and Holzer, 1988)
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by gel filtration. The partially purified enzyme had a pH optimum of 4.0 - 5.0 and a Ky
of 1.4 mM for trehalose, it was activated about 30% in the presence of 100 mM KCI and
inhibited by acetic acid with a K;=15 mM (Londesborough and Varimo, 1984). The gene
encoding acid trehalase, ATHI, has been cloned and it predicts a protein of 117 kDa
(Destruelle e al., 1995). Because some doubt remained as to whether the identified gene
was indeed the structural gene of acid trehalase, Alizadeh and Klionsky (1996) purified
acid trehalase from a strain overexpressing ATH! and subjected it to peptide analysis.
The peptide sequences were found to match the deduced amino acid sequence of ATHI.
Finally, it could be shown that deglycosylated Ath1 has a size of 85 kDa, which suggests
that a 30 kDa precursor sequence was removed during processing of acid trehalase in the
vacuole (Alizadeh and Klionsky, 1996).

The role of acid trehalase is not clearly understood. The enzyme activity can only be
detected in glucose-grown resting cells or in cells growing on non-fermentable carbon
sources like ethanol or glycerol (San Miguel and Argiielles, 1994). On glucose, acid tre-
halase activity is repressed. This pattern makes it unlikely that acid trehalase is involved in
the degradation of stored trehalose. Nevertheless, loss of ATH/ led to higher accumula-
tion of trehalose and rendered cells more resistant to dehydration, freezing, and ethanol
stress (Kim et al., 1996). Moreover, it has been suggested that acid trehalase may be im-
portant for the growth of S. cerevisiae on trehalose as carbon source. The enzymatic ac-
tivity was shown to be induced during growth on trehalose and cells lacking ATH] were
unable to grow on trehalose as the sole carbon source (Nwaka et al., 1996). It remains
unclear how in this case the enzyme would gain access to its substrate. The authors pro-
pose that trehalose could be taken up by the trehalose transporter described by the Panek
group (Eleutherio ez al., 1993) but no explanation has been given as to how the sugar
would reach the vacuole. More work needs to be done in order to reach a better under-
standing of the role of acid trehalase in S. cerevisiae.

Neutral trehalase

Neuiral trehalase has also been detected in several fungal species, but it seems to be
less common than acid trehalase (reviewed in Thevelein, 1984b). As mentioned above,
the enzyme is located in the cytoplasm. Londesborough and Varimo (1984) partially pu-
rified a 170 kDa protein with a pH optimum of 6.7 and a Ky, of 5.7 mM for trehalose.
The enzyme was dependent on the presence of Ca?* or Mn?*, inhibited about 65% by
100 mM KCI and strongly inhibited by 0.1 mM ZnCl,. An interesting feature of neutral
trehalase is that it is activated by phosphorylation. Early reports had already provided evi-
dence for an involvement of cAMP in the regulation of neutral trehalase (van der Plaat,
1974; van Solingen and van der Plaat, 1975). Since then several authors have reported
that the enzyme can be phosphorylation-activated in vitro by addition of the necessary
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agents (Wiemken and Schellenberg, 1982; Ortiz et al., 1983; Thevelein, 1984a). Uno er
al. (1983) convincingly demonstrated that the conversion of neutral trehalase from the in-
active to the active form is achieved through phosphorylation by cAPK. Increased activa-
tion of purified trehalase in vitro resulted in the phosphorylation of a 80 kDa protein. In-
deed, App and Holzer (1989) found the purified active neutral trehalase to be a dimer,
consisting of two identical subunits of 80 kDa. Their analysis of the biochemical proper-
ties of purified neutral trehalase were in good agreement with those determined by Lon-
desborough and Varimo (1984) with the partially purified enzyme. However, the Ky, of
the purified enzyme was found to be 34.5 mM trehalose (App and Holzer, 1989). Ac-
cordingly, neutral trehalase displays a much lower affinity to trehalose than acid trehalase.
While activation was observed following phosphorylation, it was also shown that treat-
ment with alkaline phosphatase resulted in inactivation of neutral trehalase (Ortiz ez al.,
1983; Uno et al., 1983; App and Holzer, 1989). It was suggested that the neutral treha-
lase activity is also controlled by phosphorylation/dephosphorylation in vivo since the
strong decrease of trehalase activity upon the diauxic shift correlated with a decrease in
the phosphorylated form of neutral trehalase (Coutinho et al., 1992).

The gene coding for neutral trehalase, NTHI, has been cloned. It was found to
have homology to the periplasmatic trehalase from E. coli and to the trehalase gene of
rabbit small intestine. The gene also contains consensus sites for cAMP-dependent phos-
phorylation (Kopp et al., 1993; Kopp et al., 1994). Upon heat shock, yeast cells in log-
phase are known to accumulate trehalose (Hottiger et al., 1989; see also below). This tre-
halose is mobilized rapidly after downshift of the cultures to lower temperatures, due to
the activation of neutral trehalase (De Virgilio et al., 1991b). Deletion of NTHI led to
slightly higher amounts of trehalose in log-phase cells subjected to a heat shock at 40°C.
However, upon shift to 27°C the nthlA mutant was severely delayed in trehalose mobi-
lization and concomitantly retained higher thermotolerance (De Virgilio ef al., 1994).
During the growth cycle the pattern of activity of neutral trehalase was found to be op-
posite to the pattern observed for acid trehalase. Neutral trehalase was active during ex-
ponential growth on fermentable carbon sources but its activity sharply declined during
the diauxic shift in paralle] with the onset of trehalose synthesis. The enzyme was reacti-
vated by addition of fresh growth medium to stationary phase cells (San Miguel and
Argiielles, 1994). This is in agreement with neutral trehalase being the main activity re-
sponsible for trehalose mobilization in yeast. Neutral trehalase has also been implicated in
being important for the recovery of yeast cells after heat shock (Nwaka e al., 1995a).

Recently a gene with high homology to NTHI (77% identity at the amino acid
level) has been identified. It was named NTH2, but so far it has not been shown that the
corresponding protein is indeed another trehalase and deletion of NTH2 did not lead to a
loss of trehalase activity in the cells (Nwaka et al., 1995a; Nwaka ez al., 1995b).
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Physical properties of trehalose and its role in cell protection

At the beginning of this chapter it has been described that trehalose is found in a large
number of drought-resistant organisms. Moreover, it could be shown that the accumula-
tion of trehalose was directly correlated with the ability of these organisms to survive
complete dehydration (Crowe er al., 1984; for reviews see Wiemken, 1990; Crowe et al.,
1992). The biophysical basis for this astonishing property of trehalose to protect organ-
isms from the adverse effects of water loss, has been studied in much detail. As a result,
two functions of trehalose have been proposed, namely the stabilization of biological
membranes and the protection of proteins.

Stabilization of membranes

Drying of bioclogical membranes leads to destructive events including fusion and
liquid crystalline to gel phase transitions. As one consequence of these events, mem-
branes become leaky, resulting in uncontrolled efflux and influx of substances. A second
consequence is the irreversible aggregation of membrane components (Crowe et al.,
1992).

The ability of trehalose to stabilize biological membranes has been investigated us-
ing liposomes as a model system. Indeed, during freeze-drying, trehalose protected the
integrity of the liposomes, as seen by the absence of leakage or fusion (Crowe er al.
1985, for a review see Crowe et al., 1992). Moreover, it has been demonstrated that tre-
halose is superior in this respect to other sugars like sucrose because it was far more ef-
fective at lower concentrations (Crowe et al., 1987). As a molecular basis for the ob-
served protective effect, the water-replacement hypothesis has been developed. This hy-
pothesis proposes that trehalose is able to directly interact by hydrogen-bonding with the
polar head-groups of membrane phospholipids, thereby effectively replacing the water
around these charged groups and preventing the damaging phase transitions both during
drying and rehydration (Crowe er al., 1984; Crowe et al., 1988).

Protection of proteins

Many forms of physiological stress directly affect cellular proteins. For example,
heat stress leads to conformational changes of proteins that are often irreversible. Tre-
halose has been shown to be able to protect the native conformation of proteins in vitro
during conditions of heat, freezing, and desiccation. Addition of trehalose to enzymes like
Glu6P dehydrogenase, pyrophosphatase, or to the restriction enzyme EcoRI prior to in-
cubation at high temperatures preserved their in vifro activities (Hottiger ez al., 1994;
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Sola-Penna and Meyer-Fernandez, 1994). Trehalose also prevented the irreversible dis-
sociation of phosphofructokinase into inactive dimers during drying or freezing
(Carpenter et al., 1987; Crowe et al., 1992). In order to explain the preserving effect of
trehalose on proteins it has been suggested that the property of trehalose to undergo glass
rather than crystal formation upon desiccation would result in the establishment of a
physical state that is particularly protective for macromolecules. However, that would not
explain the protection of proteins during heat treatment (reviewed in Thevelein, 1996). A
second hypothesis by Timasheff (1993) explains that the addition of a sugar to a protein
generally creates a thermodynamically unfavorable situation, since it increases the chemi-
cal potentials of both agents. Denaturation would exacerbate this unfavorable situation be-
cause it would increase the contact surface between protein and sugar, therefore the native
state of the protein would be the preferred state. This explanation, however, would not
explain the superiority of trehalose over other sugars.

The reasons for the efficiency of trehalose in protecting cellular structures and func-
tions may lie in the special physical and chemical properties of this sugar. These include
very high hydrophilicity, nonhygroscopic glass formation, very high chemical stability,
nonreducing character, and an unusual flexibility of the disaccharide bond. But even
though the protective effect of trehalose is not completely understood at the molecular
level, it has been employed quite effectively even in industrial processes apart from the
yeast industry (see also below). Trehalose is added to preparations in order to preserve or
to extent the shelf life of pharmaceuticals, enzymes and even living microorganisms, e.g.
E. coli (Blakeley et al., 1990; Louis et al., 1994; Panek, 1995; Thevelein, 1996 and
references therein; Carninci et al., 1998). Most interestingly, trehalose is now also used
in the food industry because of its astonishing capabilities to preserve the structure and
taste of dried foodstuffs (Portman and Birch, 1995; Panek, 1995 and references cited in
these publications).

The role of trehalose in protection of S. cerevisiae cells

For baker's yeast cells it has been known for a long time that they accumulate tre-
halose (Koch and Koch, 1925, cited in De Virgilio, 1993), but originally it had been re-
garded as a storage compound like glycogen. The suggestion that trehalose may also ful-
fill an additional role as a stress protectant in this organism has been a rather recent one
(Van Laere, 1989; Wiemken, 1990).

On the one hand this suggestion stems from the observation that trehalose, not only
in yeast but also in other fungi, is mainly found during developmental stages and growth
phases that are desiccation and heat tolerant, like spores, conidia, and sclerotia or station-
ary phase cells (Kiienzi and Fiechter, 1972; Grba et al., 1975; Emyanitoff and Wright,
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1979; Thevelein, 1984a; Martin et al., 1986). On the other hand, a closer examination of
the pattern of trehalose accumulation in S. cerevisiae revealed that it did not show the
usual pattern of accumulation expected from a mere storage carbohydrate. Such a reserve
compound would be expected to become accumulated in times of plenty and to be con-
sumed in times of need. Glycogen, as the other abundant carbohydrate present in yeast
cells, fulfills these criteria. When both glycogen and trehalose amounts were measured
under different nutrient limiting conditions, it was noted that their patterns of accumula-
tion and utilization were not identical (Lillie and Pringle, 1980). On rich glucose-based
medium glycogen accumulation was found to begin during exponential growth at a time
when about half of the glucose had been consumed. It was then partially mobilized during
the diauxic shift, probably to provide energy during respiratory adaptation but possibly
also to synthesize trehalose. During prolonged starvation in stationary phase, glycogen
was degraded (Lillie and Pringle, 1980). Trehalose, on the other hand, has been observed
to accumulate only when glucose has been exhausted from the growth medium, which
also coincided with a shift in glycogen metabolism from net synthesis to net degradation,
so that no net increase in storage carbohydrate content was achieved (Lillie and Pringle,
1980). The same mechanism also seems to be in effect during sporulation (Kane and
Roth, 1974). In contrast to the breakdown of glycogen, appreciable trehalose breakdown
was observed to occur only very late in stationary phase (>130 d), and even then only
very slowly. Coinciding with trehalose mobilization was a rapid loss of viability of the
cells (Lillie and Pringle, 1980). In contrast, starved cells or yeast spores that were incu-
bated in the presence of a fermentable carbon source, rapidly mobilized their accurnulated
trehalose. At least in the case of germinating spores, this mobilized trehalose is then ap-
parently not used as an energy source. Instead, it has been observed that germinating
spores secreted glucose into the medium (Thevelein, 1984b; Van Laere, 1989; Wiemken,
1990). Apart from these findings, it has also been pointed out that from an energetic
viewpoint trehalose accumulation is less advantageous than the accumulation of glycogen,
since it not only costs more energy to synthesize but even yields less energy upon mobi-
lization (Wiemken, 1990).

Taken together, these observations, namely (i) that trehalose occurs in a number of
anhydrobiotic organisms, (ii) that trehalose can protect biological membranes and proteins
in vitro, and (iii) that the pattern of accumulation of trehalose in S. cerevisiae is different
from the pattern of accumulation of the storage carbohydrate glycogen, strongly sug-
gested that trehalose has an additional role in protection of S. cerevisiae. Further support
for this suggestion was provided by the finding that yeast cells also accumulated trehalose
in response to elevated temperatures (Grba ez al., 1975). Since then, intensive efforts by
many Jabs around the world, studying a number of different microorganisms, have pro-
vided us with solid evidence that trehalose is indeed a stress protectant in vivo. The fol-
lowing paragraphs will summarize some of the results corroborating this special role of
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trehalose under conditions of heat, desiccation, freezing, and osmotic stress, mainly fo-
cusing on S. cerevisiae, the organism under study in the present Ph.D. thesis.

The above mentioned observation that yeast cells accumulate trehalose when incu-
bated at higher temperatures has been reported in a number of studies. Hottiger er al.
(1987) could show that the amount of trehalose increased rapidly when cells were shifted
from 27°C to 40°C. Moreover, this increase in trehalose content was correlated with an
increase in thermotolerance. While control cells at 27°C did not survive a challenging heat
shock of 8 min at 50.4°C, about 50% of the cells incubated at 40°C for 1 h (during which
the cells accumulated high amounts of trehalose) prior to the challenging heat shock sur-
vived the subsequent challenging heat shock. The same authors also observed a strong
correlation between trehalose content and thermotolerance in mutants in the Ras/cAMP
pathway (see also below) that contained different amounts of trehalose (Hottiger et al.,
1989). A study by Attfield et al. (1992), using a set of related, unmutated yeast strains
that accumulated varying amounts of trehalose, confirmed the correlation. However, all
of these studies were hampered by the fact that under the conditions used, not only tre-
halose synthesis was induced but also the synthesis of heat-shock proteins (hsps). The
induction of synthesis of this special set of proteins is a hallmark of the heat-shock re-
sponse, a molecular reaction to stressful but sublethal temperature, conserved among all
organisms. Hsps have also been implicated in protecting the cells from the damaging ef-
fects of elevated temperatures, for instance by acting as chaperones, preventing heat-in-
duced misfolding of cellular proteins (Plesofsky-Vig, 1996). So far it has only been
demonstrated for a limited number of hsps, for instance Hsp104, Hsp70, Ctt1, and Ubi4
that they have an appreciable effect on the induction of thermotolerance (Finley et al.,
1987; Wieser et al., 1991; for reviews see Piper, 1993; Mager and Ferreira, 1993; Parsell
et al., 1994). In order to be able to distinguish between the possible roles of trehalose and
hsps, some researchers chose experimental conditions which allowed trehalose but re-
stricted protein synthesis. When the translation inhibitor cycloheximide was added to S.
cerevisiae cultures prior to a heat shock or cells of a temperature-sensitive yeast strain
were incubated at the nonpermissive temperature for protein synthesis (40°C, as deter-
mined by incorporation of [3H] isoleucine into TCA-precipitable material), cells were still
able to accumulate trehalose and to acquire thermotolerance, albeit to a lesser extent
(Hottiger, 1988; De Virgilio et al., 1991b; Neves and Francois, 1992). The identification
of the structural genes of the trehalose synthesizing enzymes in baker's yeast as well as
the genes of hsps made it possible to genetically assess the contribution of trehalose ver-
sus hsps for the acquisition of thermotolerance. Convincing genetic evidence that heat-in-
duced trehalose synthesis is an important factor for thermotolerance induction, came from
a study using strains deleted for TPSI (encoding the Tre6P synthase), TPS2 (encoding
the Tre6P phosphatase) and NTHI (encoding the neutral trehalase). Both strains unable
to accumulate trehalose, tps14 and tps2A, were less thermotolerant after a preconditioning
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heat shock, when compared with the wild-type strain. In contrast, the nth]4 mutant, de-
fective for mobilization of trehalose after the heat-shock treatment, was as thermotolerant
as the wild-type strain, but also retained this thermotolerance for a longer time after
downshift to 27°C (De Virgilio et al., 1994). Insight into the contribution of both tre-
halose and hsps to the acquisition of thermotolerance was provided by another study. It
could be shown that an hsp]044 strain (unable to synthesize Hsp104 but able to accumu-
late trehalose) that was preconditioned at 40°C for 30 min was more sensitive to a chal-
lenging heat shock (>5min at 50.4°C) than the corresponding wild-type strain. However,
when the preconditioning heat shock was extended to 60 min, the reduction in thermotol-
erance observed in the ssp/044 strain almost disappeared. These findings indicated that
the importance of Hsp104 for induced thermotolerance diminished upon prolongation of
the preconditioning heat shock, coinciding with full induction of trehalose synthesis (De
Virgilio et al., 1991b). Therefore, the anthors concluded that acquired thermotolerance is
due to two different, independent mechanisms, namely protection from and repair of heat-
stress damage. According to this conclusion, hsps would be responsible for the repair of
heat-induced damage, while trehalose would be responsible for protection during heat
stress (De Virgilio et al., 1991b). Recently, a study investigating the thermotolerance of a
1ps24, an hspl1044, and a tps2A hsp1044 double mutant strain during stationary phase,
confirmed the findings of De Virgilio ef al. (1991b) and came to essentially the same
conclusions, suggesting synergistic effects for trehalose and hsps in the acquisition of
thermotolerance (Elliott ez al., 1996). Interestingly, another group has been able to
demonstrate by in vivo NMR analysis that trehalose but not Hsp104 increased the mem-
brane fluidity of S. cerevisiae cells during heat shock (Iwahashi et al., 1995). Therefore,
trehalose may indeed have the function of protecting membrane structures in vivo.

Based upon the findings that trehalose is a common carbohydrate in anhydrobiotic
organisms, where its accumulation has been found to correlate with the survival of these
organisms, it should be expected that trehalose has a similar effect in S. cerevisiae. In-
deed, it has been convincingly shown that yeast cells that contain high amounts of tre-
halose, either in stationary phase or due to a conditioning heat shock at 40°C are able to
survive desiccation (Gadd et al., 1987; Hottiger et al., 1987). The group of Panek has
demonstrated that for cells to survive desiccation it is necessary that trehalose is present
on the in- and the outside of the membrane. This is achieved by the activity of a trehalose
carrier. Cells lacking this carrier were unable to acquire desiccation tolerance despite the
fact that they accumulated trehalose intracellularly (Eleutherio ez al., 1993).

Freezing tolerance of yeast is of special interest for the baking industry, for the pro-
duction of frozen dough (Panek, 1995; Attfield, 1997). It has been reported that yeast
strains with high trehalose contents were especially suitable for this purpose (Oda er al.,
1986). Autfield er al. (1992) tested the ability of yeast strains that accumulated varying
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amounts of trehalose and also found a correlation between trehalose content and the abil-
ity to survive freeze-thaw stresses.

The resistance of S. cerevisiae to osmotic stress during growth was related to the
intracellular trehalose concentration, indicating that trehalose could act as an osmoprotec-
tant (MacKenzie et al., 1988). This function of trehalose has been demonstrated for other
organisms like E. coli (for a review see Strgm and Kaasen, 1993) or Euglena gracilis
(Takenaka et al., 1997). However, in S. cerevisiae the role of trehalose in osmotic stress
has been a matter of debate, since it has also been observed that osmotic stress induced
glycerol synthesis and that strains not capable of accumulating glycerol were sensitive to
hyperosmotic stress (Albertyn et al., 1994). A recent publication resolved this seeming
contradiction by showing that resistance to severe osmotic stress is strongly correlated
with the accurmnulation of trehalose induced by these stress conditions. The accumulation
of glycerol then seems to be more important under conditions of moderate osmotic stress,
when trehalose synthesis was not induced (Hounsa et al., 1998).

Some toxic chemicals are also known to induce trehalose accumulation in S. cere-
visiae. Attfield (1987) found an increase of the trehalose content after treatment of yeast
cells with ethanol, copper sulfate or hydrogen peroxide, but did not report whether this
also increased the stress tolerance of these cells. The proteasome inhibitor MG132, a
substance that inhibits protein breakdown at 30°C and induces many hsps, also caused
trehalose accumulation. Interestingly, the treatment with the proteasome inhibitor con-
ferred thermotolerance, as seen by the survival of treated cells of a subsequent challeng-
ing heat shock at 52°C. It could be shown that the thermotolerance did not correlate with
the hsp but with the trehalose content, by testing the thermotolerance of the cells after re-
moval of the inhibitor. Cells then rapidly became thermosensitive again, in accordance
with the rapid degradation of trehalose, while hsps continued to accumulate (Lee and
Goldberg, 1998).

Taken together, the results described are consistent with the suggestion that tre-
halose acts as a stress protectant in yeast during heat shock, desiccation, freezing stress
and high osmolarity. The fact that trehalose also accumulates in response to a number of
toxic chemicals can be taken as in indication for trehalose being part of a general stress re-
sponse of yeast. The molecular mechanisms of the protective action of trehalose on cellu-
1ar structures like proteins and membranes have been elucidated in vitro, and recent find-
ings make it likely, that the same mechanisms are also effective in vivo.

The dual role of Tpsl

Cloning of the TPS] gene, encoding the Tre6P synthase, revealed its identity with
CIF1, a gene essential for growth on glucose (Gonzalez ez al., 1992; Bell et al., 1992).
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Moreover, the group of Thevelein demonstrated that two other mutations affecting the
initial steps of glycolysis, namely fdp! and byp1, were also alleles of TPS1/CIF] (Van
Aeclst et al., 1993). It was suggested that Tps1 may have an additional role besides tre-
halose synthesis in the regulation of glucose influx into glycolysis, and the TPSI gene
was also named GGSI (for general glucose sensor) in this context (Van Aelst et al.,
1993). The effects of deletion of TPS] are highly pleiotropic. Besides the defect in Tre6P
synthase activity and the resulting inability to accumulate trehalose, zpsla cells fail to
grow on glucose or other rapidly fermentable carbon sources. In the presence of these
sugars they hyperaccumulate sugar phosphates, especially fructose-1,6-bisphosphate,
leading to a gradual depletion of the entire intracellular phosphate pool. Tps]A mutants
are also deficient in glucose-induced inactivation of fructose-1,6-bisphosphatase and a
number of other glucose-induced regulatory phenomena, they show defects in glycogen
metabolism, and homozygous diploid #ps{ cells are unable to sporulate (Van Aelst er al.,
1993; Thevelein, 1994 and references cited therein). The growth defect of 2 mutant de-
fective in the TPS] gene can be suppressed by either restricting sugar influx into glycol-
ysis (by deletion of hexokinase or restriction of sugar uptake; Hohmann et al., 1993;
Bldzquez and Gancedo, 1995) or by diverting accumulated glycolytic intermediates to the
production of glycerol (Van Aelst ez al., 1991; Bldzquez and Gancedo, 1995). All these
observations are consistent with the interpretation that loss of TPS/ leads to unrestricted
influx of sugar into glycolysis and subsequent overflow of this pathway during the initia-
tion of fermentation. Homologs of TPS! have also been cloned from other yeasts, e.g.
Kluyveromyces lactis (GGS1; Luyten et al., 1993) and Schizosaccharomyces pombe
(tpsl™; Blazquez er al., 1994). While deletion of the GGSI gene in K. lactis caused a
similar phenotype as deletion of TPS! in S. cerevisiae, deletion of TPS1 in S. pombe
caused no growth defect in the presence of glucose. This suggests that the trehalose syn-
thesis pathway may have a different role in S. pombe. The same is true for E. coli otsA
mutants, they are also defective in trehalose synthesis but show no further glycolysis-re-
lated phenotype.

In order to explain the dual role of Tps1 as Tre6P synthase and as regulator of gly-
colytic flux in S. cerevisiae, three models have been proposed (reviewed in Thevelein and
Hohmann, 1995). The first model suggests the existence of a 'General Glucose Sensor'
(GGS), a complex consisting of a glucose carrier, a sugar kinase, and Tps1. According
to this model, Tpsl has two distinct functions, one as a subunit of the Tre6P syn-
thase/phosphatase complex and another one as a direct regulator of glucose transport and
phosphorylation. How the latter regulatory function of glycolysis would be performed in
detail, was still an unsolved issue in the initial proposal (Thevelein, 1992). The second
model, also called the 'phosphate recovery hypothesis', suggests that trehalose synthesis
would serve as a metabolic buffer system by recovering free phosphate that is required
downstream in glycolysis for the glyceraldehyde-3-phosphate dehydrogenase reaction.
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This model solves the phosphate sequestration problem not by proposing an influence on
influx and/or phosphorylation of sugars but by diverting excessively synthesized sugar
phosphates into trehalose synthesis. It was also predicted that the importance of trehalose
synthesis in phosphate homeostasis would be restricted to the early transition period from
the derepressed to the repressed state (Hohmann et al., 1993). The third model is based
upon the finding that in yeast hexokinase activity is strongly inhibited by Tre6P in vitro
(K was 40 uM and 200 uM for hexokinase II and hexokinase I, respectively; Bldzquez et
al., 1993). Accordingly, it was suggested that Tpsl-generated Tre6P would cause a
downregulation of sugar phosphorylation in vivo and thereby control glycolytic flux. The
central question is which of these three models may most accurately describe the in vivo
situation in S. cerevisiae. Currently, several independent labs are intensively studying this
question and it may be anticipated that in the near future exciting new insights will emerge
from these studies. In this context, the findings presented in the present thesis, together
with the latest results of other labs, will be discussed in more detail in the General
Discussion.

Stationary phase and nutrient signaling

In the section above on the role of trehalose in protection of S. cerevisiae cells, it
has been described how trehalose is accumulated in yeast cells in response to a small set
of environmental conditions, such as heat stress or nutrient limitation. During growth on
glucose, trehalose synthesis is repressed or at least no net synthesis of trehalose occurs,
whereas trehalose accumulation is induced coinciding with the depletion of glucose from
the growth medium (Lillie and Pringle, 1980). It is therefore evident that some sort of
control must be exerted upon trehalose accumulation, most probably by controlling the
activities of the synthesizing and/or degrading enzyme(s). Another interesting observation
is that trehalose accumulation coincides with times of growth arrest, indicating that the
regulation of trehalose synthesis is, at least under conditions of nutrient limitation, con-
nected in some way with the control of cell cycle progression. In this context it is impor-
tant to consider that for yeast cells, but also for other organisms, it is of vital importance
that a new round of cell division is only initiated in the presence of sufficient nutrients to
complete the cycle. Therefore cells must be able to perceive the presence of a variety of
different nutrients in their growth medium, in order to decide whether to commit them-
selves to a new cell cycle or whether to arrest growth and enter a quiescent stage, called
Gy, outside of the cell cycle (de Winde ez al., 1997).

The elucidation of signal transduction pathways in general and nutrient signaling
pathways especially, is one of the most rapidly evolving topics of biology. For microor-
ganisms like yeast it is essential to be able to respond to changes in their environment in a
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coordinated manner, also but not solely with respect to cell cycle progression. For in-
stance, yeast cells inoculated into a rich, glucose-based medium and growing to stationary
phase must cope with several drastic changes in their nutritional environment: Initially,
they have to adapt to rapid fermentative growth on glucose. When glucose eventually
becomes depleted or rather before this is the case, cells have to drastically change their
metabolism to prepare for respiratory/gluconeogenic growth. Still later in the growth
cycle, cells run out of vital nutrients, for instance carbon. In response to this starvation,
yeasts like other microorganisms then cease to grow and enter a nonproliferating state,
namely stationary phase or Gg (Werner-Washburne ef al., 1993, see also below). The
coordination of these different adaptations is achieved by different nutrient signaling
pathways which involve nutrients (e.g. glucose or nitrogen) as primary messengers. For
many regulatory effects induced by nutrients apparently at least partial metabolism of the
nutrient is required. This observation already indicates one of the problems often encoun-
tered during studies of nutrient signaling: Since nutrients always also function as 'nutri-
ents’ per se, it is difficult to dissect this metabolic function from putative regulatory func-
tions and to distinguish between primary and secondary effects (for a review on signal
transduction see Thevelein, 1994).

Glucose is undoubtedly one of the main primary messengers in S. cerevisiae. Its
addition to derepressed yeast cells is known to trigger a wide variety of regulatory phe-
nomena. Several pathways are involved in the generation of these glucose induced regula-
tory phenomena (Thevelein and Hohmann, 1995). Of these, the most intensively studied
pathways are the main glucose repression pathway and the Ras/cAMP pathway. The main
function of the glucose repression pathway and its central enzyme Snfl seems to be to
keep cells in a glucose-repressed state while glucose is present in the medium. Thereby
futile cycling between glycolysis and gluconeogenesis is prevented (Ronne, 1995). Inter-
estingly, a functional Ras/cAMP pathway has been implicated in being both essential for
coordinated cell division and growth, thereby also influencing the cell’s decision to enter
stationary phase, and for regulation of trehalose accumulation (Thevelein, 1992;
Thevelein, 1994). The following paragraphs will therefore first provide a detailed de-
scription of stationary phase as a distinct developmental stage in the life cycle of yeast and
then focus on the role of the Ras/cAMP pathway in the control of entry into and exit from
stationary phase as well as of synthesis and degradation of trehalose.

Stationary phase

As has been described above, yeast cells are strongly dependent on their ability to
react to variations in their nutrient supply. These naturally not only include qualitative
changes in the composition of the growth medium (for instance fermentable versus non-

fermentable carbon source), but also quantitative differences which may lead in the ex-
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treme to starvation. As a consequence of their growth, which eventually results in deple-
tion of the nutrient resources, and of the fact that yeast cells are not able to actively change
their location in order to find more favorable growth conditions, it can be expected that
starvation is probably a rather common situation in the life of a yeast cell. It is therefore
not surprising that these organisms have found ways to cope with such unfavorable
conditions. The mechanism by which yeast cells and also other microorganisms endure
times of starvation is by entering a special state, usually referred to as stationary phase or
Gg in which they outlast the lack of nutrients and literally 'wait for better times'. It is
known that yeast cells can survive prolonged periods of time in stationary phase without
the addition of nutrients. Despite the fact that stationary phase seems to be a very common
event for yeast cells, comparatively little is known about it. This may be due to a larger
interest in growing yeast cells, since these are used for processes that are of great human
interest, such as brewing, wine-making, or baking (for reviews on stationary phase see
Werner-Washburne et al., 1993; Werner-Washburne et al., 1996; Fuge and Werner-
Washburne, 1997).

It has proven to be difficult to exactly define stationary phase. With respect to a
population of cells in a batch culture, one could define stationary phase as the phase when
no further net increase in cell number is observed. However, such a definition would not
characterize the exact physiological status of single cells in this culture. In the following
paragraphs stationary phase will therefore be described as a physiologically distinct state
outside of the mitotic cell cycle, which in this respect is equivalent to the Gg phase of
mammalian cells.

Yeast cells that are starved for an essential nutrient, usually carbon, arrest growth in
G and undergo a number of physiological, biochemical and morphological adaptations
that set them apart from exponentially growing cells. In stationary phase, cells then ap-
pear as small, predominantly unbudded, and having large prominent vacuoles. Their cell
wall is increased in thickness and therefore more resistant to cell-wall degrading enzymes.
Cells also contain polyphosphates, have accumulated glycogen and trehalose, and they
are more thermotolerant. Certain genes, including genes of the heat-shock family are in-
duced, e.g. SSA3, HSP26, and UBI4 (reviewed in Werner-Washburne ez al., 1993).
However, these characteristics have also been found in cells that are in other growth
phases and therefore they are a description but not a definition of stationary phase. For
instance cell wall thickening and induction of thermotolerance has been connected with
slow growth rather than with stationary phase (Elliott and Futcher, 1993; Gross and Wat-
son, 1996). On the other hand it has also been suggested that cells growing with subop-
timal nutrient supply may transiently enter stationary phase. Similarly, it has been pro-
posed that even during normal exponential growth a certain percentage of the cells in a
culture is in stationary phase. This hypothesis was based on the observation that unbud-
ded cells in a growing culture could be divided into two groups based on their thermotol-




GENERAL INTRODUCTION 20

erance (Plesset et al., 1987). The most reliable definition of stationary phase cells there-
fore still seems to be the ability of the cells to survive in the absence of nutrients (Wemer-
Washburne et al., 1993).

As mentioned above, one ongoing discussion has been over the question whether
yeast cells in stationary phase are really in a distinct state set apart from the cell cycle, re-
ferred to as Gg or whether they are simply in a prolonged Gj phase. This discussion
mainly originated from the inability to distinguish between cells arrested in Gy, e.g. fol-
lowing a heat shock, and between cells arrested in growth because of slow nutrient limi-
tation (see above). In mammalian cells, Gg is brought about by the action of hormones
and growth factors and it is characterized by the expression of a set of special genes, for
instance the growth-arrest-specific (gas) genes. In yeast cells, no homologs of these
genes have been identified so far (Fuge and Werner-Washburne, 1997). The finding that
cyclin mRNA is absent from stationary yeast cells, however, speaks against the idea of a
prolonged G; phase in which cells would not really arrest growth but continue to grow
very, very slowly (Fuge and Werner-Washburne, 1997). Also, the identification of a
novel mutant that is conditionally defective only for the resumption of proliferation from
stationary phase has contributed to the understanding of stationary phase as an off-cycle
developmental state (Drebot et al., 1987). Stationary phase cells carrying the ges] muta-
tion are unable to resume growth if incubated at the restrictive temperature of 14°C. How-
ever, ges/ cells in exponential phase that were shifted to 14°C had no growth defect. The
same was true for proliferating gesl cells subjected to a heat shock at 37°C and then
shifted to the restrictive temperature. These results not only define the role of GCSI as a
true stationary phase gene but also demonstrate that heat shock does not cause cells to
enter stationary phase, even though it causes cells to acquire some of the traits found in
resting cells (Drebot et al., 1990). Also, recently a new gene, SNZI ('snooze'), has been
identified that is expressed exclusively in stationary phase in S. cerevisiae and unlike
other postdiauxic genes is not induced by heat shock. Interestingly, this gene was found
to be a member of a highly conserved gene family present in all three phylogenetic do-
mains: eucarya, bacteria, and archaea. Its function has not been clarified yet, but it is
known that a Snz protein from Bacillus subtilis is modified during sporulation, indicating
that Snz proteins are part of an ancient response to nutrient limitation and growth arrest
(Braun et al., 1996).

Another problem encountered when trying to define stationary phase specific char-
acteristics is the fact that, probably due to the difficulties of defining stationary phase, re-
searchers have used the expression 'stationary phase cell' in a rather broad sense. Since
most studies are conducted with cells growing on rich or minimal glucose-based medium,
often cells may be referred to as stationary that are in fact still in the postdiauxic phase,
and therefore are actually still growing, albeit very slowly. Fuge and Werner-Washburne
(1997) therefore have suggested to consider stationary phase as a developmental process
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that is divided into three distinct phases: (i) Entry into stationary phase, which may still
include a period of slow growth followed by a cell-cycle arrest. On glucose-based, rich
medium this process would then include the diauxic shift and the postdiauxic phase. Most
experiments dealing with stationary phase are performed on glucose-based rich medium
so that little evidence is available upon which to base a decision whether cells being lim-
ited for different nutrients also enter stationary phase in a different way or even enter a
different kind of stationary phase. In this context it has actually been suggested that only
cells starved for glucose can enter a viable stationary phase. This suggestion was based
on the observation that glucose alone is sufficient to stimulate growth in starved cells
(Granot and Snyder, 1991). The authors argued that cells are always stimulated to grow
as long as glucose is present and therefore lack of another vital nutrient would not be suf-
ficient to overcome the stimulation of glucose. (ii) Maintenance of stationary phase,
which is also referred to as quiescence. During this phase clearly the cell's priorities must
be to retain viability for as long as possible. This apparently can last for very long times,
since it has been reported that yeast cells have survived for 175 years (Prokesch, 1991).
A strong decrease of the rates of protein synthesis has been observed in stationary phase
that supports the consideration that certain areas of the metabolism are put on hold. Sta-
tionary phase cells only synthesize 0.3% of the amount of proteins synthesized in expo-
nentially growing cells (Fuge et al., 1994; Werner-Washburne et al., 1996). Since the du-
ration of stationary phase depends on the amount of time that starvation conditions pre-
vail, cells have to be prepared to live off internal reserves for possibly a long time. It is
known that stationary phase cells contain large amounts of compounds that may be re-
garded as potential energy sources, these include glycogen, trehalose and lipids (Lillie
and Pringle, 1980). In the case of trehalose, its accumulation probably also promotes
survival by protecting cellular structures in a more direct way (Wiemken, 1990). (iii) Re-
proliferation, the phase in which cells exit stationary phase to reenter the mitotic cycle.
Having retained this ability to resume growth marks cells that have successfully pro-
ceeded through stationary phase. Cells resupplied with nutrients quickly loose their sta-
tionary phase characteristics, for instance they mobilize trehalose, their cell walls become
susceptible to degrading enzymes, and small daughter cells left over from the last division
before growth arrest increase in size before they divide (Johnston ez al., 1977; Thevelein,
1984b; Granot and Snyder, 1993). The GCSI gene has been identified as a gene that
specifically affects the cell's ability to reenter mitosis from stationary phase (see above).
Taken together, the current state of knowledge about stationary phase in yeast indi-
cates that this is indeed a distinct phase outside of the normal mitotic cell cycle. Future
studies should certainly continue to try to elucidate further the molecular mechanisms un-
derlying the complex processes in yeast cells during entry into, maintenance of viability
in, and reproliferation from stationary phase. In this context it will be of great interest to
identify genes and the proteins they code for that are distinctly important in stationary
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phase. These could be for instance genes involved in regulating entry into stationary
phase by slow nutrient depletion as opposed to growth arrest due to other forms of stress,
like heat shock or rapid nutrient limitation.

The Ras/cAMP pathway

Several years ago it has been observed that addition of glucose to derepressed vege-
tative yeast cells or to ascospores triggers a rapid transient increase in the intracellular
CAMP level (van der Plaat, 1974; Thevelein, 1984a). This cAMP signal has been impli-
cated as an important metabolic trigger for the adaptation of the cells to fermentative
growth. It is now known that the cAMP signal is transmitted by an elaborate signaling
pathway, the Ras/cAMP pathway, resulting eventually in the activation of its key enzyme,
the cAMP-dependent protein kinase (cAPK). The components of this pathway will be
discussed in detail in the Introduction of Chapter IIl. Therefore this section will be
focused o its involvement in signaling the nutritional status of the cell and in regulating
trehalose synthesis.

The Ras/cAMP pathway is required for proper regulation of growth, cell cycle pro-
gression and development in response to nutritional conditions (Matsumoto er al., 1983b;
Thevelein, 1992; Hubler et al., 1993). Its main function seems to be to signal the pres-
ence of glucose or another rapidly fermentable carbon source in the medium during
growth and thereby to participate in the cell's decision to enter stationary phase. This is
supported by the findings that mutants with hyperactivity or too little activity of cAPK
display strongly pleiotropic phenotypes. Low cAPK activity, as conferred by mutations
in the catalytic subunit of cAPK, leads to the induction of stationary phase adaptations be-
fore the depletion of nutrients, hyperactivity of cAPK prevents these adaptations even un-
der starvation conditions. Total loss of cAPK is lethal. since it permanently locks cells in
G (for a review see Thevelein, 1994). cAPK activity may also play an important role in
the general stress response of S. cerevisiae, possibly by phosphorylating proteins that
modulate stress response in a negative way. In accordance with this model it has been
suggested that stress conditions (e.g. heat shock, osmotic shock) may lead to a transient
drop in cAPK activity, thereby triggering responses similar to those seen upon slow glu-
cose depletion (Siderius and Mager, 1997).

Trehalose accumulation in S. cerevisiae seems to be at least partially controlled by
the Ras/cAMP pathway. This is corroborated by the finding that a high cAMP level, and
consequently high cAPK activity, in cells during growth on glucose coincides with the
lack of trehalose accumulation, whereas during the diauxic shift trehalose accumulation is
induced concomitantly with a sudden drop in the cAMP level. Also, mutations affecting
the activity of the Ras/cAMP pathway also seriously affected trehalose metabolism. Mu-
tations conferring constitutively high activity of cAPK resulted in low amounts of
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trehalose even when cells were starved for nutrients, while mutations conferring
constitutively low activity of cAPK, resulted in high amounts of trehalose even in the
presence of nutrients (Toda et al., 1985; Hottiger et al., 1989). One explanation for these
effects is based upon the observations that neutral trehalase is activated by cAMP-
dependent phosphorylation in vitro and that neutral trehalase was more active in extracts
from a strain with constitutively active cAPK than in extracts from a wild-type strain
(Uno et al., 1983; App and Holzer, 1989; see also section on neutral trehalase above).
Consequently, trehalase would be inactive, thus allowing trehalose to accumulate, when
cAPK is inactive, either due to low cAMP levels (e.g. at the diauxic shift) or because of
inactivating mutations in the Ras/cAMP pathway. However, this model does not directly
explain how inactivation of trehalase would be achieved and it also formally implies futile
cycling of trehalose during growth on glucose in wild-type strains. It therefore seems
reasonable to assume that the Ras/cAMP pathway may not only influence degradation but
also synthesis of trehalose, in an antagonistic way with trehalase activity. This
assumption is supported by the findings that exponentially growing cells (cAPK is active)
have low Tre6P synthase activity in vitro and do not contain trehalose (Hottiger, 1988).
In addition it has been found that the in vitro activity of Tre6P synthase was also affected
in strains carrying mutations that either constitutively activated or inactivated cAPK. In
accordance with an opposite regulation of trehalase and Tre6P synthase by cAPK, strains
with an elevated level of cAPK activity displayed decreased Tre6P synthase activity in
vitro (and failed to accumulate trehalose, see above) and strains with decreased cAPK
activity displayed increased Tre6P synthase activity (and accumulated high levels of
trehalose, see above; Panek et al., 1987; Francois et al., 1991). Panek et al. have claimed
that the regulation mechanism by which cAPK affects Tre6P synthase activity is
inactivation by phosphorylation (Panek et al., 1987). However, the results of that
particular study have been challenged and currently no evidence is available that would
indicate such a control of trehalose synthesis by cAPK (Vandercammen et al., 1989; see
also Introduction of Chapter II). Frangois et al. (1991) interpreted their results, showing
an influence of cAPK activity on the activity of Tre6P synthase, as possibly involving
transcriptional regulation of the gene encoding Tre6P synthase by cAMP. An influence of
cAMP on the expression level of genes during the diauxic shift has been demonstrated.
Addition of cAMP to wild-type cells growing on glucose prevented changes in gene
expression normally occurring upon glucose depletion (Boy-Marcotte ez al., 1996). But it
has not explicitly been shown that the expression of Tre6P synthase is affected by such a
treatment. Therefore, at the moment, it is not clear how the Ras/cAMP pathway
modulates Tre6P synthase activity.

Despite the efforts of many labs, a lot of open questions remain concerning the
Ras/cAMP pathway. One problem is the fact that only very few of the targets of cAPK in
vivo have been identified. Another difficulty is provided by the fact that several other nu-
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trient signaling pathways are probably present in S. cerevisiae that functionally overlap or
act in an antagonistic way to the Ras/cAMP pathway. Some of these have been identified,
e.g. the Sch9 pathway, the Yak1 pathway, the Snf1 pathway, and the fermentable growth
medium (FGM) induced pathway, but the relative contribution of most of these pathways
to the responses of yeast to nutrients are still unclear (Hartley et al., 1994; Thevelein,
1994; Ronne, 1995; Thevelein, 1996; de Winde ez al., 1997).

In order to ensure their survival, yeast cells are absolutely dependent upon their
ability to react to changes in their environment in a fast and efficient manner. During
evolution these organisms therefore have developed a number of fascinating strategies to
overcome environmental limitations, be it the lack of nutrients or of water, or extreme
changes in their ambient temperature. Accumulation of trehalose is one prerequisite for
the cells' survival of unfavorable conditions. As described above, the synthesis of tre-
halose is not only an important part of the stress response but has also an essential role in
the control of glycolytic flux. Elucidation of the regulatory mechanisms governing tre-
halose synthesis, one of the central goals of this thesis, will therefore undoubtedly prove
to be of great value for the general understanding of both the stress response and glucose
metabolism in microorganisims.
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MATERIAL AND METHODS

Nomenclature

As described in this thesis, the TAK] gene was identified in a two-hybrid screen
for interactors of Tpsl, the Tre6P synthase, in a two-hybrid screen. Accordingly, it was
named TAK! for Tps1 associated protein Kinase and its gene product Tak!. In the mean-
time, however, the same gene and its gene product have been described under the name
RIM15 and Rim15, respectively and shown to have an important function in the
regulation of early meiotic events (Vidan and Mitchell, 1997). In agreement with the
guidelines set forth by the Saccharomyces Genome Database, giving priority to the gene
name usage that was first published, and for the sake of clarity, RIM15 and Riml15
instead of TAKI and Tak1, will be used throughout this thesis.

Yeast strains and culture conditions

The yeast strains used in this study are listed in Table 1. Media were prepared ac-
cording to Rose ez al. (1990) and cells were grown at 27°C either in full YPD medium
(1% [w/v] yeast extract, 2% {w/v] bacto-peptone, 2% [w/v] glucose) or in selective SD
medium (0.67% [w/v] yeast nitrogen base without amino acids, 2% [w/v] glucose) sup-
plemented with the appropriate auxotrophic requirements. For experiments with station-
ary phase cells cultures were grown on media containing only half the amount of carbon
source to ensure this to be the limiting factor. For the determination of growth on differ-
ent carbon sources these were added to the media as indicated in the figure or table leg-
ends. Cell numbers were counted using a hematocytometer. Dry weight was determined
after filtering cells over a tared GF/C filter and drying the filter at 37°C over night. In or-
der to study the consequences of nitrogen starvation, cells were pregrown on SD medium
until mid-log phase (2+107 cells/ml) and then shifted to selective medium without nitro-
gen source (0.17% [w/v] yeast nitrogen base without amino acids and ammonium sulfate,
4% [wi/v] glucose). The concentration of glucose in the media during growth was moni-
tored with test strips (Diabur-Test, Boehringer Mannheim).

Bacterial strains and culture conditions

E. coli strain IMB9 ({r'm*] AtrpF) (Sterner et al., 1995) was used to rescue pJG4-
5 based plasmids from strain EGY48. The transformed cells were plated directly onto
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Table 1: List of yeast strains
Strain Genotype Source
RH144-3A MAT o leu2 his4 ura3 barl-1 H. Riezman
AR3 MAT o leu2 his4 ura3 barl-1 rim15::URA3 This study
YEF473 MAT a/o.  his3/his3 leu2/leu2 lys2/lys2 Bi and Pringle (1996)
trpl/trpl ura3/ura3
AR1 MAT alo.  his3/his3 leu2/leu2 lys2/lys2 trpl/ftrpl This study
ura3/ura3 rim15A: :kanMX2/RIM15
ARI-1A MAT a his3 leu2 lys2 trpl ura3 Segregant from AR1
AR1-1B MAT o his3 leu2 lys2 trpl ura3 riml5A: :kanMX2 Segregant from AR1
ARI-1C MAT a  his3 leu2 lys2 trpl ura3 rim15A: :kanMX2 Segregant from AR1
AR1-1D MAT o his3 leu2 lys2 trpl ura3 Segregant from AR1
AR2 MAT alo  his3/his3 leu2/leu2 lys2/lys2 vpl/trpl AR1-1B X AR1-1C
ura3/ura3 riml5A::kanMX2/rim15A: :kanMX2
SP1 MAT a ade8 his3 leu2 trpl urs3 Toda et al. (1985)
T16-11A MAT a his3 leu2 trpl ura3 beyl-1 Toda et al. (1985)
PD6517 MAT o ade8 leu2 trpl cdc35-10 Becher dos Passos
et al. (1992)
NBi1 MAT o ade8 leu2 trpl cdc35-10 rim154: :kanMX2 This study
OL86 MAT a ade2 leu2 trp2 cdc25-5 Becher dos Passos
etal (1992)
RS13-58A-1 MAT a  ade8 his3 leu2 ura3 trpl tpklw tpk2.::HIS3 Nikawa et al. (1987)
tpk3::TRP1 bcyl::LEU2
S7-7A x MAT alo.  ade8/ade8 his3/his3 leu2/leu? trpl/trpl Toda et al. (1985)
S7-5A ura3/ura3 TPK1/tpkl::URA3 TPK2/tpk2::HIS3
TPK3/tpk3::TRPI
NB13 MAT alo.  ade8/ade8 his3/his3 leu2/leu trpl/trpl This study

ura3/ura3 TPKi/ipkl::URA3 TPK2/ipk2::HIS3
TPK3/tpk3::TRPI1 RIM15/rim154: :kanMX2
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Strain Genotype Source

NB13-1D MAT o ade8 his3 leu2 trpl ura3 tpk2::HIS3 segregant from NB13
tpk3::TRPI rim15A: :kanMX2

NB13-14D MAT a  ade8 his3 leu2 trp! ura3 tpkl::URA3 segregant from NB13
tpk2::HIS3 tpk3::TRP1 rim15A: :kanMX?2

NB13-19C MAT o ade8 his3 leu2 trpl ura3 tpkl::URA3 segregant from NB13
Ipk2::HIS3 tpk3::TRPI riml15A: kanMX2

SGP406 MAT a  ade8 his3 leu2 trpl ura3 tpkl::URA3 Garret and Broach
tpk2::HIS3 tpk3::TRPI yakl::LEU2 (1989)

CDV380 MAT a/o.  TPKi/tpkl::URA3 1pk2::HIS3/ NB13-1D x SPG406
tpk2::HIS3 tpk3::TRP1/tpk3::TRP1
YAKI1/yakl::LEU2 RIM15/riml5A::kanMX2

CDV80-2C MAT o ade8 his3 leu2 trpl ura3 tpk2::HIS3 segregant from CDV80
tpk3::TRP]

CDV80-4B MATa  ade8 his3 leu2 trpl ura3 tpk2::HIS3 segregant from CDV80
tpk3::TRPI

CDV80-4C MATa  ade8 his3 leu2 trpl ura3 1pk2::HIS3 segregant from CDV380
tpk3::TRP1

CDV80-1D MAT o ade8 his3 leu2 trpl ura3 tpk2::HIS3 segregant from CDV80
tpk3::TRP1 yakl::LEU2

CDV80-7B MATa  ade8 his3 leu2 trpl ura3 tpk2::HIS3 segregant from CDV80
tpk3::TRPI riml5A: :kanMX2

CDV80-2B MAT o ade8 his3 leu2 trpl ura3 tpk2::HIS3 segregant from CDV80
tpk3::TRPI riml5A::kanMX2

CDV80-15D MAT a  ade8 his3 leu2 trpl ura3 tpk2::HIS3 segregant from CDV80
tpk3::TRP] yakl::LEU2 rim15A::kanMX2

CDVBO33B  MAT o ade8 his3 leu2 trpl ura3 1pk2::HIS3 segregant from CDV80
tpk3::TRP1 yakl::LEU2 riml5A::kanMX2

CDV80-2D MAT a ade8 his3 leu2 trpl ura3 tpkl::URA3 segregant from CDV80

tpk2::HIS3 tpk3::TRP] yakl::LEU2
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Strain Genotype Source

CDV80-5A MATa  ade8 his3 leu2 trpl ura3 tpkl::URA3 segregant from CDV80
tpk2::HIS3 tpk3::TRPI yakl::LEU2

CDV80-15A MATa  ade8 his3 leu2 trpl ura3 tpkl::URA3 segregant from CDV80
1pk2::HIS3 1pk3::TRP] riml5A:-kanMX2

CDV80-4A MAT o ade8 his3 leu2 trpl ura3 tpkl::URA3 segregant from CDV80
1pk2::HIS3 tpk3::TRPI yakl::LEU2
riml5A: :kanMX2

CDV80-8A MATa  ade8 his3 leu2 trpl ura3 tpkl::URA3 segregant from CDV80
1pk2::HIS3 1pk3::TRPI yakl::LEU2
rim15A: :kanMX2

ChVvsl MAT ala 1pkI¥/ipkl::URA3 1pk2::HIS3/tpk2::HIS3 NB13-19Cx
tpk3::TRP1/tpk3::TRP1 BCY1/bcyl::LEU2 RS13-58A-1
RIM15/rim15A: -kanMX2

CDV81-3A MAT o ade8 his3 leu2 ura3 trpl tpkl¥ 1pk2.::HIS3 segregant of CDV81
ipk3::TRPI beyl::LEU2 rim15A::kanMX2

CDV81-11B MAT «  ade8 his3 leu2 ura3 trpl tpkl¥ 1pk2::HIS3 segregant of CDV81
tpk3::TRPI beyl::LEU2 rim15A: :kanMX?2

CDV81-16D  MATa  ade8 his3 leu2 ura3 trpl tpkl" tpk2::HIS3 segregant of CDV81
tpk3::TRPI beyl ::LEU2 riml15A::kanMX2

MH272-1D MATa  leu2 his3 trpl ura3 rmel M. Hall

EGY48 MAT o his3 trpl ura3 LEU2::pLexAop6-LEU2 Zervos et al. (1993)
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Vogel-Bonner minimal plates (Davis ez al., 1980) supplemented with 0.2% (w/v) glu-
cose, 0.5% (w/v) casamino acid hydrolysate, 0.01 mM FeCl3 and 100 mg/l ampicillin.
Other plasmid manipulations were performed in E. coli strain DH5¢ (Gibco BRL) using
standard procedures (Sambrook et al., 1989). E. coli media were prepared according to
standard recipes (Sambrook et al. 1989).

Plasmid constructions

YCplac33-RIM15

Complementation of the RIM15 deletion was achieved with a vector expressing
RIM15 under its own promoter, YCplac33-RIM15. The Expand Long Template PCR
System (system 1) from Boehringer Mannheim was used according to the manual pro-
vided by the manufacturer to generate a 6.3 kb fragment (nucleotides -514 until 5811 of
RIM15), including the entire ORF of RIM15 and 514 nucleotides up- and 501 nucleotides
downstream of the ORF. The primers, including a Smal or a Sall site, used in the PCR
reaction were 17099 and 17100, respectively (see Table 2) and phage clone ATCC 70791
(from ATCC, Rockville, MD, USA; genomic DNA) was used as template. Due to the
great length of RIM135, a cycle elongation program was used for the PCR reaction. In
detail, the PCR program was as follows: denaturing of template DNA at 92°C for 2 min,
followed by 10 cycles of 10 s at 92°C, 30 s at 60°C and 3 min at 68°C. After these 10 cy-
cles further additional 17 cycles of 10 s at 92°C, 30 s at 66°C and 3 min at 68°C were per-
formed. During these latter 17 cycles the elongation time was increased stepwise by 20 s
per cycle, resulting in a final elongation time of 8 min 40 s. The program ended with 10
min at 68°C, after that the reaction was cooled to 4°C. The ends of the resulting PCR
product were filled by Klenow treatment. To this means, 3 U of Klenow enzyme
(Boehringer Mannheim) were added and the sample was incubated at 37°C for 1.5 h. Af-
ter that it was phenolized and precipitated with ethanol. The fragment was then digested
with Smal and Sail (Pharmacia) and ligated into the Sall-Smal sites of YCplac33 (Gietz
and Sugino, 1988).

YCpIF2-derived plasmids

Galactose-inducible GALI promoter-driven overexpression of full-length and trun-
cated RIM15 and of GST-tagged full-length and truncated RIM15 was achieved with
plasmids derived from YCpIF2 (Foreman and Davis, 1994). The full-length RIM15 ORF
was amplified using the Expand Long Template PCR System (Boehringer Mannheim) ac-
cording to the manual. Primers 18412 and 18413 (Table 2) were included in the reaction
mix with genomic DNA (phage clone ATCC 70791, sec above) as template. With primer
18412 a Sall immediately upstream of the start codon and with primer 18413 a Not site
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86 bp downstream of the stop codon was introduced. The resulting PCR-product was cut
with Sall and NotI and ligated into the corresponding restriction sites of YCpIF2 to yield
YCpIF2-RIM15. Partial versions of RIM15 were generated by PCR, using primers
21488 with 21486 or 21488 with 18412 (Table 2), yielding a 1.5 kb or a 3.12 kb frag-
ment encoding amino acids 761-1266 (RIM15-PI) or 762-1770 (RIM15-P2), respec-
tively. Sall and Notl restriction sites were introduced with the primers and the PCR prod-
ucts cloned at the Sall-NotI sites of YCpIF2 (YCpIF2-RIMI5-P1 or YCpIF2-GST-
RIMI15-P2).

For the expression of GST-tagged RIM1S5, RIM15-P1, RIM15-P2, or GST alone
as control, a PCR-generated Sa/l-Sall fragment containing the 672 nucleotides down-
stream of and including the GST start codon was amplified by PCR using primers 22129
and 22130 and pGEX1 (Smith and Johnson, 1988) as template and subsequently cloned
at the Sall sites of YCpIF2-RIM15, YCpIF2-RIM15-P1, YCpIF2-RIM15-P2, or
YCpIF2. The resulting plasmids were called YCpIF2-GST-RIM IS, YCpIF2-GST-
RIM15-P1, YCpIF2-GST-RIM15-P2, and YCpIF2-GST, respectively. By sequencing,
it was confirmed that the GST-tag was in-frame with the fused RIM15 gene.

Plasmids YCpIF2-GST-RIM15K823Y and YCpIF2-GST-RIM155709A/S1094A/
S1416A/S1463A/S1661A were constructed with the QuikChange™ Site-Directed Mutagene-
sis Kit (Stratagene) using appropriate primers (Table 2) that introduced the corresponding
mutations and YCpIF2-GST-RIM 1S5 as template. The principle of this kit is explained in
Figure 1. All mutations introduced were confirmed by subsequent sequencing.

Constitutive ADHI-driven overexpression of RIM15 was achieved with another
YCplF2-derived plasmid. To this means, a PCR-generated Apal-Sall fragment containing
the 854 nucleotides upstream of and including the ADH start codon was used to replace
the GAL] promoter-containing Apal-Sall fragments of YCpIF2 and YCpIF2-RIM15.

PEG202-TPK1

The full-length ORF of TPK! was amplified by PCR with primers 21765 and
21766 using genomic DNA as template, introducing EcoRI and Xhol restriction sites
with the primers. The resulting fragment was then cut and ligated into vector pEG202 at
the corresponding EcoRI and Xhol sites.

pWB2044-236

The 55A3-lacZ fusion plasmid pWB204A-236, containing part of the SSA3 pro-
moter fused to lacZ, was a gift of Elizabeth Craig (University of Wisconsin, Madison,
USA). It was used to monitor the activation of targets downstream of the cAMP-depen-
dent protein kinase (cAPK) by determining the f-galactosidase activity. A detailed de-
scription of the plasmid has been published elsewhere (Boorstein and Craig, 1990a).
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a)

b) P 5’

c)

Figure 1: Site directed mutagenesis of RIMI5 using the QuikChange™ Site-Directed
Mutagenesis Kit (Stratagene). With this method it is possible to introduce desired muta-
tions into a gene of interest, using a simple temperature cycling program. (a) A plasmid
containing the gene of interest, in this case RIM15 in vector YCpIF2, is used as template
for the mutagenesis. (b) In a PCR reaction two oligonucleotide primers (K823Y-F and
K823Y-R; S709A-F and S7T09A-R; S1094A-F and S1094A-R; S1416A-F and S1416A-
R; S1463A-F and S1463A-R; S1661A-F and S1661A-R; see Table 2), containing the
desired mutation, are extended by means of Pfu DNA polymerase. Pfu DNA
polymerase is an enzyme with especially high fidelity. The reaction yields a mutated
plasmid containing staggered nicks. (c) The temperature cycling is followed by
treatment of the PCR-product with the Dpnl endonuclease. This enzyme is specific for
methylated and hemimethylated DNA. Since DNA isolated from almost all E. coli
strains is methylated, whereas the plasmid amplified by the temperature cycling
program is not, Dpnl digests specifically the template DNA. The remaining nicked
vector DNA containing the desired mutation in the target gene (e.g. RIM15K823Y) is then
transformed into a special strain of supercompetent E. coli (Epicurian Coli® XIL-Blue).
The nicks in the mutated plasmid are repaired by the cells after transformation.
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pGEX3X-TPS1

The TPS1 coding sequence was cut out with BamHI from vector pEG202-TPS1
(see Experimental procedures in Chapter I of this thesis for a description of this vector)
and cloned at the BamHI site of pGEX3X (Smith and Johnson, 1988). The resulting
vector pGEX3X-TPSI was used to express GST-tagged TPS/ in E. coli for subsequent
purification of GST-Tpsl.

PMAL-TPS1

The TPSI-coding sequence was cut out from vector pEG202-7PS] (see pGEX3X-
TPSI) by digesting with EcoRI and Psi (digest with EcoRI was only partial because of
an internal EcoRI site in TPSI). The excised fragment was then cloned at the correspond-
ing resiriction sites of pMAL-c2 (New England Biolabs) to yield pMAL-TPS]. This
vector allows expression of maltose-binding protein- (MBP) fused Tps! in E. coli.

PMAL-TPK1

Analogous to the cloning of pMAL-TPS], the TPK] gene was cut out from vector
pEG202-TPK] with EcoRI and PstI and cloned into pPMAL-c2. Vector pMAL-TPK/ al-
lows expression of MBP-fused Tpk1 in E. coli.

Preparation of genomic or plasmid DNA from yeast

Genomic or plasmid DNA was prepared according to the protoco! of Hoffman and
Winston (1987). 5 ml of a saturated yeast culture were harvested and the cells washed
once with sterile water. The pelleted cells were then resuspended in 0.2 ml of miniprep
solution (2% [v/v] Triton X-100, 1% [w/v] SDS, 100 mM NaCl, 10 mM Tris-HCl, pH
8.0, 1 mM EDTA), 0.2 ml phenol-chloroform-isoamyl alcohol (25:24:1), and 0.3 g of
glass beads were added. This mixture was vortexed continuously for 3-4 min (5 min for
plasmid DNA). Afterwards 0.2 ml TE (10 mM Tris-HC], pH 8.0, 1 mM EDTA, pH 8.0)
were added, mixed briefly and the samples were centrifuged in a microfuge for 5 min at
full speed. The aqueous layer was transformed to a new tube, 1 ml ethanol was added
and mixed by inversion. The precipitated DNA was then pelleted by centrifugation for 2
min at full speed in a microfuge and washed once with 70% (v/v) ethanol. The pellets
were dried briefly and resuspended in an adequate volume of TE (20-100 ul) and
subsequently used as template for PCR reactions or in Southern blots.
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Yeast transformations

Yeast transformations were performed using a modification of the Li*-ion method
(Gietz et al., 1992). Selections of transformants were then done on appropriate amino
acid drop-out media. For selecting transformants with the kanMX2 module, cells were
first grown for two days on YPD and then replica-plated onto YPD containing 1 mg/ml
geneticin (G418, USBiological). After 2-3 days large colonies were picked and reselected
on YPD with 0.2 mg/ml geneticin.

Two-hybrid screens with Tpsl and Tps2

Screens for proteins interacting with Tpsl (Tre6P synthase) and Tps2 (Tre6P
phosphatase), were performed by two-hybrid analysis (Fields and Sternglanz, 1994),
using the LexA system described in detail elsewhere (Gyuris et al., 1993). All compo-
nents of the two-hybrid system have been kindly provided by Roger Brent (Harvard Uni-
versity, Cambridge, MA, USA). TPS! and TPS2 were fused to the LexA DNA-binding
domain (DBD) of the "bait" vector pEG202 as described in the Experimental Procedures
in Chapter 1. Expression from this vector is under the control of an ADHI promoter.
Strain EGY48 (Table 1), containing the LexAop-lacZ reporter plasmid pSH18-34 (Gyuris
et al., 1993) was used as host for all interaction experiments. This strain was either
transformed with pEG202, pEG202-TPS] (for the TPS!-screen), or pEG202-TPS2 (for
the TPS2-screen) and with a yeast interaction library in the vector pJG4-5 (a gift from
Paul Watt, Harvard University, Cambridge, MA, USA). Hybrid proteins consisting of
the putative interactor fused to the LexA activation domain (AD), were expressed under
the control of the GALI promoter of the library plasmid. The transformation efficiency
was determined and an appropriate number of transformations was performed to saturate
the screen. Cells were plated on SD agar containing 2% (w/v) galactose and 1% (w/v)
raffinose (no amino acids). Under these conditions only those clones expressing proteins
interacting with DBD-Tps1 or DBD-Tps2, respectively, were expected to grow. Positive
clones growing on SD with galactose without leucine were picked and streaked on (i) SD
with 2% (w/v) galactose, (ii) SD with 2% (w/v) glucose, (iii) SD with 2% (w/v)
galactose, 1% (w/v) raffinose and X-gal (40 pg/ml), and (iv) SD with 2% (w/v) glucose
and X-gal (40 pg/ml). True positives should grow on (i), not grow on (ii), form blue
colonies on (iii) and stay white on (iv). Those clones passing this test were further
analyzed. Plasmid DNA was prepared from these positives and transformed into E. coli
strain JMB9 (see above) to rescue the library plasmid. DNA from E. coli was isolated and
subjected to restriction analysis with both EcoRI and HindIll, Xhol, or Sau3A. Clones

showing the same restriction pattern were considered to contain the same library fragment
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and assigned to one class of interactors. One insert of each class of positive interactors
was then sequenced. If possible, the library fragment was identified by sequence
comparison with the EMBL data base. Those plasmids containing sequences coding for
transcription factors or other known "false positives” (see Chapter II, Results) were
discarded. All rescued library plasmids were retransformed into strain EGY48 containing
the reporter plasmid and pEG202 or a pEG202-derived plasmid (pEG202-TPSI or
pEG202-TPS2 as "baits” or pEG202-MSB2 as negative control; Simon et al., 1995;
Reinders er al., 1997). p-Galactosidase activities were then assayed on galactose media as
described below. At this point, all library fragments yielding high -galactosidase activity
if cotransformed with the pEG202-TPS! or pEG202-TPS2 but not with pEG202 or
pEG202-MSB2 contro] were considered positives.

Cloning of RIMI15

A genomic yeast DNA Jibrary prepared in pSEY8 (a gift of Michael Hall, Biocenter,
Basel) was screened by colony hybridization, utilizing the radiolabeled 0.52 kb insert of
an EcoRI digested interaction library plasmid (clone #6 of TPSI two-hybrid screen, cod-
ing for amino acids 761-1051 of the RIM15 gene) as described in Sambrook et al.
(1989). Positive clones were confirmed by restriction analysis. The longest clone,
PSEY8-5 (about 9 kb in length) was then chosen for sequencing.

DNA sequencing and sequence analysis

Sequences were either obtained using the dideoxy chain termination method
(Sanger et al., 1977) with the Sequenase kit, version 1.0 (USB Corp., Ohio) and [33S]
dATP (Amersham) according to the manual or using a cycle sequencing program and an
automated sequencer (ABI 301, Perkin Elmer). For this, 1 pl DNA (0.5 pg) was mixed
with 1 ul primer (0.5 uM), 4 pl reaction mix (Perkin Elmer) and 4 pl water. Cycle se-
quencing was performed in a Techne GENIUS PCR machine with a heated lid. The pro-
gram used was: 27 cycles of 30 s at 96°C, 15 s at 50°C and 4 min at 60°C. After the
completion of the program, 10 il of water were added to the reaction, the DNA was pre-
cipitated with sodium acetate and ethanol and the pellet washed twice with ice-cold 70%
(v/v) ethanol. The pellet was dried and 25 pl of template suppressing reagent (TSR,
Perkin Elmer) were added. After 2 min incubation at 95°C the samples were ready for se-
quencing.

Oligonucleotides were synthesized with an Applied Biosystem DNA Synthesizer.
Sequences were analyzed by means of the GCG package (Devereux et al., 1984).
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Gene disraption of RIM15

Gene disruption was carried out by the one step method of Rothstein (1983). A 1.7
kb Nsil-Xbal fragment, covering one third of the coding region of the RIMI5 gene
(Figure 2) was generated by PCR using genomic DNA of strain RH144-3A as template.
This fragment was cloned into the multi cloning site of pCR™ (Invitrogen). A 1.4 kb
BgllI-Bglll fragment containing the URA3 gene was then excised from pVT102-U
(Vernet et al., 1987) and cloned into the BamHI site of the 1.7 kb Nsil-Xbal fragment of
RIM15. The disrupted sequence was excised with Clal-Clal to yield a 2.3 kb linear frag-
ment that was used for transformation into the wild-type strain RH144-3A, resulting in
the gene disruption mutant AR3. The correct gene disruption was confirmed by Southern
blot analysis (see below).

® {r} v TGA
k) | RIMIS ) |77 Y |
© é ol Baml  Cul

z

i
1
1 |
1 1 1
1 /\Xbal

{ kb Bglll Bgilt

oty

Figure 2: Summary of RIM15 cloning and gene disruption strategy. (a) Size and local-
ization of the LexA clone (AD-RIM15) which was identified during the two-hybrid screen
for Tpsl interactors. (b) Structure of the 5.3 kb RIM15 ORF. The kinase domains are
indicated as shaded areas. Start (ATG) and stop (TGA) are marked. Kinase domains VI
and VIII are separated by an unusual 0.63 kb stretch of DNA sequence. The arrow points
to the start originally identified from the pSEYS library clone #5 (see text). (c) The URA3
marker (1.4 kb) was inserted into the BamHI site of the PCR-generated Nsil-Xbal frag-
ment of RIM15, thereby disrupting the gene. This fragment was then cut with Clal and
the resulting 2.3 kb disruption construct used for transformation.

Construction of rimI54 strains

Deletion of RIM15 was achieved by the PCR-based one step method using the
kanMX2 module coding for geneticin (G-418) resistance as marker (Wach et al., 1994;
Figure 3A). First, DNA fragments with RIM15 homologous DNA ends were generated
by PCR: A 1.56 kb long PCR fragment was synthesized by using pFA6-kanMX2
(provided by A. Wach, Basel) as template and two primers (17921 and 17922) with 19 or
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22 nucleotide homology to the pFAG-kanMX2 multiple cloning site (Table 2). In addi-
tion, these primers had 43 or 40 nucleotide extensions which were complementary to the
regions immediately up- or downstream to the open reading frame (ORF) of RIM15. In
100 ul reaction volume 5 U of Tag DNA polymerase (Pharmacia), 10 mM Tris-HCI (pH
9.0), 1.5 mM MgCly, 50 mM KCI, 0.2 mM of each dATP, dCTP, dGTP, and dTTP,
0.4 UM of each primer, and 10 ng of template DNA were used. The whole reaction was
overlaid with 3 drops of mineral oil (Perkin Elmer). The reaction conditions were: 2 min
at 92°C to denature the template DNA, followed by 28 cycles of 30 s at 92°C, 30 s at
55°C, and 90 s at 72°C. Finally, the reaction mix was heated to 72°C for 4 min and then
cooled to 10°C. 2ul of the PCR product were analyzed by agarose gel electrophoresis.
Approximately 1 pug of the PCR-generated linear RIM5-deletion construct was directly
used to transform the diploid wild-type strain YEF473. A heterozygous diploid transfor-
mant (AR1) was identified by its geneticin-resistance. Correct integration of the marker at
the target locus was confirmed by Southern blot (see below) and/or by PCR as described
below. Deletion of RIMI5 in other strain backgrounds (see Table 1) was achieved with
the same PCR-based strategy.

Correct integration of the PCR-generated kanMX2 module at the genomic RIM15
locus was verified by PCR using genomic DNA of the transformants and three primers
per reaction tube (Figure 3B): one reverse primer in the kanMX2 module (16421), one
reverse primer in the RIM15 ORF (18061), and one forward primer outside of the RIMIS
ORF (18060). PCR reactions were done in a 50 pl volume, containing 2.5 U Tag poly-
merase (Pharmacia), 10 mM Tris-HCl (pH 9.0), 1.5 - 5 mM MgCl,, 50 mM KCl, 0.2
mM of each dATP, dCTP, dGTP, and dTTP, 0.4 uM of each primer, and approximately
1 pg of template genomic DNA. The mixture was overlaid with mineral ol (Perkin
Elmer) and used with the following PCR conditions: denaturing of template DNA at 92°C
for 2 min, followed by 30 cycles of 1 min at 92°C, 30 s at 63°C, and 1 min at 72°C, fi-
nally 5 min incubation at 72°C and eventually cooling to 10°C. The PCR products were
run on agarose gels to check the resulting fragment size and to determine whether integra-
tion at the RIM15 Jocus had occurred. Successful integration of the marker at the RIM15
locus yielded a 950 bp PCR-fragment, in the case of integration at another locus the PCR
product was 1.37 kb (see Figure 3B).

Southern blot analysis

Southern blot analysis to check the disruption or deletion of RIMI5 was performed
essentially as described (Southern, 1975; Sambrook et al., 1989). In short, 10 pg of ge-
nomic DNA of each strain were digested with Clal (RIM15 disruption) or with Xhol
(RIM15 deletion) overnight at 37°C. The DNA was precipitated with ethanol and sodium
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Figure 3: A. Construction of riml5A strains (Wach et al., 1994). A PCR reaction was
performed with the plasmid pFAG-kanMX2 as template using two primers (17821, 17922)
with homology to the kanMX2 module as well as to the immediate up- and downstream
region of the RIM 15 ORF (printed in grey). The resulting 1.56 kb DNA fragment therefore
carried the kanMX2 gene embedded in RIM15 ORF flanking sequence (grey shaded areas).
This fragment was transformed into wild type strain YEF473 (RIM15/RIM15) where it
integrated by homologous recombination into one RIMI5 locus, resulting in the
heterozygous strain AR1 (RIM15/rimi154). B. Confirmation of riml54 by PCR. The correct
integration of the kanMX2 marker at the RIMI5 locus and therefore the deletion of RIM15
was checked by PCR. For the PCR reaction three primers were used, one reverse primer in
the kanMX2 module (16421), one reverse primer in the RIM15 ORF (18061), and one
forward primer in the RIM15 promoter (18060). Genomic DNA of the transformed yeast
strains was used as template. The length of the PCR product depends upon the combination
of primers that can bind to the DNA: (a) kanMX2 has integrated correctly, primers 18060
and 16421 bind and the result ing product is 0.95 kb long; (b) kanMX2 has not integrated
correctly, RIM15 has not been deleted, primers 18060 and 18061 bind and the resulting
product is 1.37 kb long.
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acetate, the pellet washed with ice-cold 70% (v/v) ethanol, and taken up in 10-20 ul TE.
Samples were mixed with loading buffer containing RNase and run on a 0.8% (w/v)
agarose gel at 50 V for 4 h. The gel was stained in ethidium bromide solution (1 pg/ml)
for 3 min to visualize bands. Afterwards the DNA was denatured by soaking the gel in
0.5 M NaOH, 1.5 M NaCl for 40 min with gentle agitation. The gel was then soaked for
15 min in 0.25 M HCI, rinsed briefly with water and neutralized by soaking in 0.5 M
Tris, 1.5 M NaCl for 40 min, all with gentle agitation. Subsequently, the DNA was blot-
ted to nitrocellulose membrane (BA83, Schileicher & Schiill) by overnight capillary trans-
fer, using 10x SSC (1.5 M NaCl, 170 mM sodium citrate, pH 7.0) as transfer buffer.
The membrane was washed in 2x SSC, sandwiched between 3MM paper (Whatman),
and baked in a vacuum oven at 80°C for 2 h to fix the DNA to the nitrocellulose. For the
following prehybridization, the membrane was incubated in 10 ml hybridization solution
(5x Denbhardt’s [1 mg/ml Ficoll type 400, 1 mg/ml polyvinylpyrrolidone, 1 mg/ml BSA],
2x SSC, 100 pg/mi salmon sperm DNA) in a hybridization oven (Hybaid) at 65°C for 2
h. In the meantime. the probe was labeled with 32P using the Random Primed DNA La-
beling Kit (Boehringer Mannheim). For the control of RIM15 disruption and deletion, the
internal 0.9 kb Clal-Clal fragment (amino acids 966-1336) and a 0.52 kb PCR-generated
fragment (primers 13815 and 13816, RIM15-S, see Table 3) were used as probes, re-
spectively. Hybridization was performed in a volume of 10 ml hybridization solution at
65°C overnight. Afterwards the membrane was washed three times with 2x SSC, 0.1%
(v/v) SDS at 65°C. The membrane was wrapped in plastic wrap and exposed to X-ray

film.

Sporulation and tetrad analysis

Diploid cells were grown for two days on full medium (YPD), harvested by cen-
trifugation, washed twice with sterile water and then resuspended in the same volume of
sporulation medium (1% [w/v] K-acetate, supplemented with 10 pg/ml of the required
amino acids). After 3-6 days asci were dissected. For this purpose 0.4 ml of the sporu-
lated yeast culture was pelleted, washed with sterile water and the pellet resuspended in
180 ul of sterile water. 20 ul of glusulase (NEE-154, Dupont) were added and the sus-
pension was incubated at room temperature for 10-20 min, depending on the strain used.
Afterwards 1 ml of water was added to the suspension and the mixture was placed on ice
for at least 2 h before dissecting the asci.

The needle for the dissection of asci was constructed by drawing out a glass micro-
capillary with a gas flame. The needle was checked under a binocular to make sure that it
had a flat end and then mounted into the micromanipulator. Asci were dissected at a
magnification of 150x as described (Guthrie and Fink, 1991). In short, asci with four
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spores were broken with the needle tip and the individual spores placed at distinct posi-
tions on very thin agar plates. From the spores colonies formed typically after 2-3 days of
incubation at room temperature. Differences in colony size and growth speed were proto-

colled. Segregation of the different markers was tested on the appropriate selective media.

RNA isolation from yeast

RNA was prepared according to the protocol of Piper (1994). 30-50 ml of log-
phase or 10-25 ml of stationary phase cells were harvested, chilled rapidly by adding ice
cold DEPC-treated sterile water and pelleted. The cells were then washed once more with
ice-cold DEPC-treated sterile water, pelleted and either frozen at -20°C for later process-
ing or immediately extracted. 1-2 g of glass beads plus 2 ml RNA extraction buffer (20
mM Tris-HCI, pH 8.5, 10 mM Nay-EDTA, 1% [w/v] SDS) and 2 ml phenol (pH 8.0)
were added to the pellets and the mixture vortexed continuously for 5 min at room tem-
perature. After centrifugation for 5 min at 3’500 rpm (IEC Centra GP8R) the upper aque-
ous phase was transferred to a new tube containing phenol-chloroform in an equal vol-
ume. The suspension was vortexed for 1 min, centrifuged for 5 min at 3’500 rpm and the
upper phase transferred to a fresh tube containing an equal volume of chloroform. Again
the suspension was vortexed for 1 min, centrifuged for 2 min at 3’500 rpm and the upper
phase transferred to corex tubes. 6 M ammonium acetate to a final concentration of 1 M
plus 2 volumes of ice cold ethanol were added and the tubes placed at -20°C for at least 20
min. The RNA was pelleted by centrifugation at 7°500 g for 15 min at 4°C, the
supernatant poured off and the tubes drained on paper tissue. The pellets were
resuspended in 1 ml TE and the RNA reprecipitated by adding 3 M sodium acetate to a
final concentration of 0.2 M plus 2.5 volumes of ice-cold ethanol. After centrifugation at
7°500 g for 15 min at 4°C the pellets were washed once with ice-cold 70% (v/v) ethanol
and then dried at room temperature. Eventually the RNA was suspended in an appropriate
amount of TE (100-500 pl) and the concentration determined by reading the OD260/280
in a spectrophotometer. On a pre-gel, RNA integrity and equal loading were confirmed.

Northern blot analysis

For Northern blot analysis (Sambrook et al., 1989) samples were prepared by re-
suspending 10 g of total RNA in a final volume of 10 pl sample buffer (20 mM MOPS,
pH 7.0, 5 mM sodium acetate, 1 mM EDTA, pH 8.0, 2.2 M formaldehyde, 50% [v/v]
formamide), and followed by incubation at 55°C for 10 min. Samples were mixed with
loading buffer and 1 pl of ethidium bromide solution (1pg/ml) was added to each sample.
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The samples were then subjected to electrophoresis on 1% (w/v) agarose gels containing
0.65 M formaldehyde in MOPS buffer (40 mM MOPS, pH 7.0, 10 mM sodium acetate,
2 mM EDTA, pH 8.0). Gels were run for 3-4 h at 80 V with MOPS buffer as running
buffer. To prepare for the transfer, gels were first soaked in 10 x SSC twice for 20 min.
The RNA was then blotted onto nitrocellulose membrane (BA83, Schleicher & Schiill) by
overnight capillary transfer, using 20 x SSC as transfer buffer. Afterwards the membrane
was washed in 6 x SSC, sandwiched between 3MM paper (Whatman), and baked in a
vacuum oven at 80°C for 2 h to fix the RNA to the nitrocellulose. The membrane was
prehybridized in 10 ml of RNA hybridization solution (0.5 M NaHPOy4, pH 7.2, 1 mM
EDTA, 1% [w/v] BSA, 7% [w/v] SDS) for 2 h at 60°C in a hybridization oven (Hybaid).
Hybridization was carried out at 60°C overnight in 10 ml of the same solution containing
the DNA probe. Probes (listed in Table 3) were generated by PCR and subsequently la-
beled with [«-32P] dATP (Amersham) using the Random Primed DNA Labeling Kit
(Boehringer Mannheim).

Table 3: Probes used in Northern blots

Probe Size of ORF (kb) Size of probe (kb)!
ADH?2 1.04 1.04
HSPI2 0.33 0.33
HSP26 0.64 0.64
SSA3 1.95 1.95
SSBI ' 1.84 1.84
RIM15-82 5.3 0.52
RIM15-12 5.3 1.30
TPS2 2.69 2.69
UBI4 1.14 1.14

I The sequences of the primers used to generate the probes are listed in Table 2.

2 RIM15-S refers to the short (0.52 kb) probe, RIM15-L to the long (1.30 kb) probe
used for Northern blots (see text).
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Flow cytometry

For the determination of cell cycle phase during growth, cells were analyzed by
flow cytometry. Samples were prepared following the protocol of Helliwell ez al. (1994).
In detail, 300 pl of cells (1-2%107 cells/ml, denser cultures were diluted) were sonicated
for 2 min in a waterbath, and fixed by addition of 700 pl ethanol. Samples were incu-
bated over night (or until all samples had been collected) at 4°C. Cells were then pelleted,
washed with TE and resuspended in 500 pl Na-citrate (50 mM) containing RNase (0.25
mg/ml). To avoid aggregation of cells, the suspension was again sonicated for 2 min in a
waterbath and then incubated for 1 h at 37°C to digest the RNA. DNA was stained by
adding 500 ! of Na-citrate (50 mM) containing 16 j1g/ml propidium iodide (Fluka).
Samples were kept in the dark until analysis. For each sample 10'000 events were ana-
lyzed for DNA content with a Becton Dickinson FACScan (Lincoln Park, NJ).

The propidium iodide stained samples were also used to determine the cell cycle
phase of budded cells. For this purpose, cells were examined under the microscope and
budded cells were categorized as being (i) before nuclear division (1 nucleus in mother
cell, no nucleus in daughter cell), (ii) in nuclear division (dividing nucleus in mother cell),

or (iii) after nuclear division (both mother and daughter cell contain a nucleus).

Heat shock and other stress conditions

Cells growing exponentially (5%106 - 1*107 cells/ml) at 27°C in liquid medium
were subjected to a heat shock at 42°C in a shaking water bath. For the determination of
enzyme activities and trehalose content samples were harvested after | h. The time zero
sample was taken before the transfer to 42°C. Other stress treatments were performed as
follows: (i) osmotic shock: 5 M NaCl stock solution was added to the culture to yield a
final concentration of 0.3 M, (ii) methanol stress: methanol was added to the cultures to a
final concentration of 10% (v/v), and (iii) oxidative stress: HyO, was added to the
cultures to a final concentration of 0.3 mM H,0,. Samples were taken at the times
indicated in the figure legend. The time zero samples were taken immediately after the
addition of the different agents.

Determination of thermotolerance

For the determination of thermotolerance, aliquots of the cultures (1 ml) were trans-
ferred to prewarmed glass tubes, incubated at 50°C-53°C for 4-20 min (see table legends
for exact conditions of this ‘challenging heat shock’ for each strain), rapidly cooled on
ice, appropriately diluted with sterile water and plated on YPD agar. Colonies were
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counted after 3 d at 27°C and the percentage of survival was assessed by comparison with
controls not subjected to the challenging heat shock (100%).

Enzyme assays

TreGP synthase, TreGP phosphatase, and neutral trehalase

Activities of Tre6P synthase, Tre6P phosphatase and neutral trehalase were assayed
in permeabilized cells as described before (De Virgilio et al., 1991a). Log-phase (10 mi)
or stationary phase (1 ml) cells were harvested by filtration on GF/C filters (Whatman),
washed quickly with ice cold water and resuspended in 1 ml of lysis buffer (0.2 M
Tricine, pH 7.0, 0.05% [v/v] Triton X-100 for Tre6P synthase and neutral trehalase; 50
mM KH,POq4, pH 6.0, 0.05% [v/v] Triton X-100 for Tre6P phosphatase). The suspen-
sions were then frozen rapidly in liquid nitrogen and either analyzed immediately or
stored at -20°C. Before performing the assays cells were thawed at 30°C for 2-3 min and
then washed twice with lysis buffer lacking Triton X-100. Tre6P synthase was measured
at 50°C using the coupled assay as described by Hottiger et al. (1987). Activity of the
Tre6P phosphatase was determined at 30°C by incubation of permeabilized cells with
Tre6P (Sigma) and quantification of the product trehalose by high performance liquid
chromatography (HPLC) as described below. Trehalase activity was measured at 30°C by
incubation of cells with trehalose and quantification of glucose released by using the
GOD/POD kit (Boehringer Mannheim) (De Virgilio ef al., 1991a).

Invertase

Invertase activity was assayed in cell free extracts by adding sucrose and determin-
ing the glucose released (Goldstein and Lampen, 1975). Extracts were prepared from 100
ml of log-phase or 10 ml of stationary phase cells. The washed cells were resuspended in
500 pl of Tricine buffer (0.2 M, pH 7.0) and 1.5 g of glass beads (@ 0.5 mm) were
added. Cells were broken by vortexing three times for 1 min, interrupted by 1 min cool-
ing on ice between vortexing. The resulting crude extracts were then centrifuged for 10
min at 25'000 g at 4°C and invertase activity assayed in the supernatants. 20 ul of appro-
priately diluted supernatant were mixed with 40 pl of sucrose (200 mM) and 340 pl of
Na-acetate (50 mM, pH 5.0). Controls were prepared without addition of sucrose. The
samples were incubated at 37°C for 10-30 min, boiled to stop the reaction and cen-
trifuged. The glucose concentration in the supernatant was quantitated by means of the
GOD/POD kit of Boehringer Mannheim.
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B-Galactosidase

The activity of p-galactosidase was determined in permeabilized cells using o-nitro-
pheny!-8-D-galactoside (ONPQG) as substrate (Miller, 1972). About 600 ul of culture
were pelleted, washed once with Z-buffer (40 mM NaH,PO4, 40 mM NaHPOy, 10 mM
KCI, 1 mM MgSO,4, pH 7.0) and resuspended in 1 ml of Z-buffer. 100 pl of the cell
suspension was used for the assay, from the remaining suspension the OD600 was de-
termined. For the assay, 700 pl of Z-buffer containing 0.27% (v/v) B-mercapto-ethanol
(freshly prepared each time), 40 pl chloroform and 20 pl SDS (0.1% [w/v]) were added
to the cell suspension. The suspension was vortexed well and then incubated with 200 ul
of ONPG (4 mg/ml) at 30°C for 5-30 min. The reaction was stopped with 400 pl of
Na,CO3 (1M). After spinning the samples for 3 min the OD420 was measured and the B-
galactosidase activity calculated as Miller Units: OD420*(0OD600*volume of cell suspen-
sion in assay [I]*incubation time [min])-1= p-galactosidase activity.

Quantification of trehalose

For the determination of trehalose, 10 ml of log-phase or 1-2 ml of stationary phase
cells were filtered using GF/C filters (Whatman), washed twice with 5 mi of H,O, resus-
pended in 1 mi of H,O and boiled for 10 min. Extracts were cleared by three times cen-
trifuging for 10 min at 20'000 g. The trehalose concentration was measured in the super-
natant by HPLC analysis as described (De Virgilio ez al., 1993), using an anion-exchange
column (CarboPac PA-1, Dionex) and a Dionex DX-300 Gradient Chromatography Sys-
tem. Peaks were detected with a pulsed amperometric detector (Dionex).

Quantification of glycogen

Glycogen contents were determined according to Lillie and Pringle (1980) by hy-
drolyzing the glycogen with a-amyloglucosidase (Fluka) and determining the amount of
the resulting glucose. 10-20 ml of cells from upper log or stationary phase were pelleted,
washed twice with HpO and resuspended in 1 ml Na,COj3 (0.25 M). The samples were
boiled for 1 h in tightly closed tubes and then cooled on ice. 200 pl of the suspension
were mixed with 50 pl of acetic acid (3 M) and 700 ul of sodium acetate buffer (0.2 M,
pH 4.8) and 50 pl of a-amyloglucosidase (10 U) were added. The suspension was incu-
bated at 37°C for 22 h and the reaction stopped by boiling the samples for 5 min. After
spinning the samples, glucose was determined in the supernatant with the GOD/POD kit

(Boehringer Mannheim).
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Quantification of protein

Protein concentrations in cell free extracts were measured using the Bio-Rad protein
assay according to the manufacturer's instructions, using BSA as the standard. Total
protein concentrations in the cultures were determined by means of a modified Lowry as-
say (Peterson, 1977) using BSA as the standard.

Purification of epitope-tagged proteins from E. coli

GST-Tpsl and GST

From overnight cultures of E. coli containing plasmid pGEX3X-TPS! or pGEX3X
15 ml were inoculated into 500 ml LB medium with ampicillin (75 mg/1) and grown until
an OD600 of 0.5. Expression of GST-Tps1 or GST was induced by adding IPTG to a fi-
nal concentration of 0.3 mM and subsequent growth for 3 h. The cultures were harvested
by centrifugation for 5 min at 4'000 x g at 4°C and washed once with 100 ml STE (25%
[w/v] sucrose, 25 mM Tris-HCI, pH 8.0, 1 mM EDTA). The pellets were then resus-
pended in 30 ml STE. After addition of 3 ml lysozyme (10 mg/ml) cells were incubated
on ice for 30 min. The cell suspensions were mixed with 12 ml 1% (v/v) Nonidet P-40
containing protease inhibitors (1 tablet of Complete™ protease inhibitor cocktail per 50
mi) and then sonicated for 30 s, incubated on ice for 1 min and once more sonicated for
10 s to break the cells. The lysates were centrifuged for 10 min at 16'000 x g at 4°C. In
the meantime the glutathione sepharose columns (2 ml bed volume, Pharmacia Biotech)
were washed with 20 ml PBS (135 mM NaCl, 3 mM KCl, 10 mM NagHPOy, 2 mM
KH3PO4, pH 7.4) and then equilibrated with 10 ml PBS with 1% Triton X-100. 25 mi of
the soluble fraction of the lysates were combined with 92.75 ml H>O, 6.25 mi 20x PBS,
and 1 ml Triton X-100 and then loaded onto the columns at a flow rate of about 1 ml/min.
The fusion proteins bind to the resin because of the strong affinity of glutathione S-trans-
ferase to glutathione. The columns were washed with 20 ml PBS to remove nonspecifi-
cally bound proteins. Eventually the bound GST-fusion proteins were eluted from the
columns with 20 ml Tris-HCl (50 mM, pH 8.0) containing 5 mM glutathione and twenty
1-ml fractions were collected. 14 fractions containing the protein peak were pooled and
the eluates concentrated 25 times by centrifugation in Centriprep 30 tubes (exclusion limit
30 kDa; Amicon) according to the instructions provided by the manufacturer. The concen-
trated eluates were then mixed with an equal volume of glycerol and stored at -20°C. GST
alone was not concentrated because of its size (26 kDa) being lower than the exclusion
limit of the Centriprep tubes.
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MBP-Tpsl, MBP-Tpkl

E. coli cells transformed with either pMAL-TPSI or pMAL-TPK! were grown, in-
duced by IPTG and lysed as described for GST-fusion proteins above. The crude extracts
were diluted 5 times with column buffer (10 mM sodium phosphate, 0.5 mM NaCl, 1
mM sodium azide, 10 mM 2-mercaptoethanol, | mM EGTA) containing 0.25% Tween
20. Amylose resin columns (2 ml bed volume, New England Biolabs) were washed with
10 ml column buffer and then equilibrated with 20 ml column buffer/0.25% Tween 20.
The diluted crude extracts were loaded onto the columns at a flow rate of 1 ml/min. MBP-
fusion proteins bind to the resin because of MBP's affinity for amylose. Nonspecifically
bound proteins were washed off the columns by rinsing with 20 ml column buffer/0.25%
Tween 20 and then with 10 ml column buffer alone. Subsequently, the MBP-fusion pro-
teins were eluted from the resin with 20 ml column buffer containing 10 mM maltose and
twenty 1-ml fractions were collected. The 14 fractions containing the protein peak were
then pooled and the proteins concentrated as described for GST-fusion proteins. MBP
alone as a control was either commercially obtained (New England Biolabs) or received
as a gift from Carla Kéhler (Biocenter, Basel).

Coprecipitation experiments

Purification of GST-Rim15

Strain MH272-1D transformed with either YCpIF2-GST-RIM15 or YCpIF2-GST
(control) was grown for 4 d on 500 ml SD medium with 2% (w/v) galactose and 1%
(w/v) raffinose to induce GALI-driven expression of GST-RIM15 and GST, respec-
tively. Cells were then harvested by centrifugation at 4°C, washed once with water, once
with lysis buffer (50 mM Tris-HCl, pH 7.5, 100 mM NaCl, 1 mM EDTA, 1% [v/v]
Nonidet P-40, and 1 tablet of Complete™ protease inhibitor cocktail per 50 ml
[Boehringer Mannheim]) and then resuspended in 5 ml lysis buffer in 50 ml screw cap
tubes. Glass beads (@ 0.5 mm) were added and cells broken by 5 cycles of vigorous
shaking by hand and cooling on ice for 1 min each. The extracts were precleared by cen-
trifugation at 4'000 x g for 5 min at 4°C and the supemnatants clarified by three cycles of
centrifugation at 25'000 x g for 10 min at 4°C. 50 pl/ml glutathione sepharose 4B
(Pharmacia Biotech) was added to each extract (50-70 mg total protein) and left to bind
for 3-4 h at 4°C with gentle agitation. Afterwards the glutathione sepharose with the
bound GST-Rim15 or GST was pelleted and the resin washed four times with lysis
buffer and then three times with 50 mM Tris, pH 8.0, removing the supernatants com-
pletely with a Hamilton pipette. Eventually pellets were resuspended in 1 ml 50 mM Tris,
pH 8.0 and the suspensions divided: 500 pl were used for the puli-down experiments
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with glutathione sepharose, 500 ul for the pull-down experiments with amylose resin
(New England Biolabs).

Pull-down with glutathione sepharose

An aliquot (50 ) of the suspension was boiled with 5x SDS-gel loading buffer
and loaded on an SDS-gel to check for recovery of GST or GST-Rim15. The remaining
suspension was equally distributed between four reaction tubes. To the first and second
tube 5 pg of a putative interactor (MBP-Tps1 or MBP-Tpkl1, respectively), to the third
and fourth tube 5 ug of an unrelated control (MBP or MBP-Tim12, respectively; gifts of
Carla Kéhler, Biocenter, Basel) were added together with 1 ml lysis buffer. The samples
were incubated over night at 4°C with gentle agitation in order to allow binding of the
proteins to each other. The sepharose was pelleted and washed as described above and
each pellet was boiled in 30 ul of 5x SDS-gel loading buffer. From each sample an
aliquot of 10 pl was loaded onto two separate SDS-gels (10%; Laemmli, 1970). Im-
munoblot analysis was performed as described below.

Pull-down with amylose resin

For the amylose resin pull-down the proteins (GST-Rim15, GST) first had to be
eluted from the glutathione sepharose. This was done by adding 150 1 of 50 mM Tris-
HCI, pH 8.0 with 5 mM glutathione to the sepharose pellets, mixing, and incubation on
ice for 15 min. The sepharose was then pelleted and the supernatants containing GST-
Rim15 or GST removed. An aliquot (10 pl) of the supernatants was mixed with SDS-gel
loading buffer and loaded on an SDS-gel to check for recovery of the proteins. The re-
maining eluates of either GST or GST-Rim15 were distributed between four reaction
tubes each and 5 g of the different MBP-fusion proteins were added as described above.
20 pl of amylose resin were pipetted into each tube and the samples incubated over night
at 4°C with gentle agitation. Further handling of the samples has been outlined above,
immunoblot analysis was performed as described below.

Immunoblot analysis

After SDS-PAGE, gels were blotted onto nitrocellulose membrane (BA83, Schlei-
cher & Schiill) in an electro-blotting unit with transblot buffer (25 mM Tris, 125 mM
glycine, and 15% methanol) for 1 h 15 min at 40 V and 4°C. In the case of the amylose
resin pulldown experiment, blotting time was extended to 1 h 45 min in order to ensure
that potentially interacting GST-Rim15 protein would be transferred completely to the
membrane. After the blotting, nitrocellulose membranes were blocked for 1 h at room
temperature in TBS (20 mM Tris-HCI, pH 7.5, 500 mM NaCl) containing 3% (w/v)
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BSA. Subsequently, membranes were incubated for at least 1 h in TTBS (TBS with
0.05% [v/v] Tween 20) containing 1% (w/v) BSA and either anti-GST (dilution 1:1000;
Upstate Biotechnology Inc.) or anti-MBP (dilution 1:5000; New England Biolabs) anti-
bodies. If membranes were incubated overnight, this was done at 4°C. The membranes
were then washed twice with TTBS. The second antibodies (goat anti-rabbit-alkaline
phosphatase conjugate, dilution 1:10°000; Sigma) were added in TTBS with 1% (w/v)
BSA and membranes were incubated for 1-2 h at room temperature. Subsequently mem-
branes were washed twice with TTBS and once with TBS. To develop the bands, alka-
line phosphatase color development buffer (100 mM Tris-HCI, pH 9.5, 1 mM MgCl), 45
il NBT (75 mg/1 ml 70% [v/v] DMF), and 35 Ll X-phosphate (50 mg/1 ml DMF) were
mixed and added to the membranes in the dark. Reactions were stopped after 30 min, or

when bands were sufficiently visible, by rinsing the membranes thoroughly with water.

Kinase assays

For kinase assays the various GST-Rim15-fusions and GST (control) were purified
essentially as described above for the coprecipitation assays, except that protein-bound
sepharose pellets were washed four times with lysis buffer and subsequently three times
with kinase buffer (50 mM Tris-HCl, pH 7.5, 20 mM MgCl,, 1 mM DTT, 1 mM ATP,
and 1 tablet of Complete™ protease inhibitor cocktail per 50 ml). Aliquots of the pellets
(typically 10-15 pl of sepharose) were then incubated in the presence of kinase buffer
containing phosphatase inhibitors (50 mM NaF, 10 mM Na-orthovanadate, 15 mM p-
NO;-phenylphosphate, 50 mM B-glycerophosphate, and 5 mM Na-pyrophosphate), and
10 uCi v-{32P] ATP, with or without a-casein (5 Jig) as substrate in a total volume of 20
! for 30 min at 30°C. By adding SDS-gel loading buffer and boiling for 5 min reactions
were terminated. Samples were subjected to SDS-PAGE, gels were dried and eventually
exposed on X-ray film or on a phosphoimager. Quantitation of 32P was achieved using
the Phosphor Analyst software (Bio-Rad).

When Tps1 was used as substrate for kinase assays with Rim15, the procedure was
slightly altered. Assays were initially performed as described, except that 5 g of MBP-
Tps1 were added as substrate instead of a-casein. After incubation at 30°C samples were
spun briefly in a microfuge to pellet the sepharose together with the bound GST-fusions.
This was necessary because of the larger size of MBP-Tps1 compared to casein, making
it difficult to decide whether bands on the autoradiograms carne from phosphorylation of
degradation products of Rim15 or from phosphorylation of Tps1. Supematants, contain-
ing the MBP-Tps1 were transferred to fresh tubes. Both, supernatants and pellets were
boiled with SDS-gel loading buffer and subjected to SDS-PAGE. Gels were dried and

exposed as described.
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To assay in vitro autophosphorylation and phosphorylation of Rim15 by bovine
cAPK equal amounts of protein-bound glutathione sepharose pellets (10-15 ul) were in-
cubated for 30 min at 30°C in the presence or absence of 1 U A kinase catalytic subunit
(Sigma) and/or A kinase Inhibitor (Sigma) in a total volume of 20 ul of kinase buffer
containing phosphatase inhibitors and 10 uCi y-[32P] ATP. Assays were stopped and
samples analyzed by SDS-PAGE and autoradiography as described above. If the influ-
ence of cAPK-dependent phoshorylation of Rim15 on its kinase activity was to be as-
sessed, reactions were incubated in the presence or absence of 1 U A kinase catalytic
subunit as above but without v-[32P] ATP. Reactions were then terminated by washing
the sepharose pellets three times with kinase buffer containing phosphatase inhibitors.
The pellets were then incubated with c-casein and y-[32P] ATP and subjected to SDS-
PAGE and autoradiography analysis as described above.

The possibility of phosphorylation of Tps1 by bovine cAPK in vitro was tested by
incubating 5 pg of GST-Tps1 purified from bacteria with 1 U of A kinase catalytic sub-
unit, with or without A kinase Inhibitor, in kinase buffer containing phosphatase in-
hibitors, and 10 pCi y-[32P] ATP in a total volume of 20 ul. Samples were incubated for
30 min at 30°C and reactions terminated and analyzed by SDS-PAGE and autoradiogra-
phy as described above.
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Summary

Synthesis of trehalose in the yeast Saccharomyces
cerevisiae is catalysed by the trehalose-6-phosphate
(Tre6P) synthase/phosphatase complex, which is
composed of at least three different subunits encoded
by the genes TPS1, TPS2, and TSL1. Previous studies
indicated that Tps1 and Tps2 carry the catalytic acti-
vities of trehalose synthesis, namely Tre6P synthase
{Tps1) and Tre6P phosphatase {Tps2), while Tsi1 was
suggested to have reguiatory functions. In this study
two different approaches have been used to clarify
the molecuiar composition of the trehalose synthase
complex as well as the functional role of its potentiai
subunits. Two-hybrid analyses of the in vivo inter-
actions of Tps1, Tps2, Tsl1, and Tps3, a protein with
high homology to Tsi1, revealed that both Tsl1 and
Tps3 can interact with Tps1 and Tps2; the latter two
proteins also interact with each other. In addition, tre-
halose metabolism upon heat shock was analysedina
set of 16 isogenic yeast strains carrying deletions of
TPS1, TPS2, TSL1, and TPS3in all possible combina-
tions. These resuits not only confirm the previously
suggested rolfes for Tps1 and Tps2, but also provide,
for the first time, evidence that Ts!1 and Tps3 may
share a common function with respect to regulation
and/or structural stabilization of the Tre6P synthase/
phosphatase complex in exponentially growing, heat-
shocked cells.
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Introduction

The non-reducing disaccharide trehalose (a-o-glucopyran-
osyl a-p-glucopyrancside) is widespread in nature and
has been found in many prokaryotes, fungi, and some
lower plants and animais (Elbein, 1974). Interestingly, tre-
halose synthesis is induced in most of these organisms
in response to a small set of specific environmental con-
ditions. In particular, trehalose is accumulated in phases
of nutrient starvation, desiccation, and after exposure to
a mild heat shock (for reviews see Van Laere, 1989;
Wiemken, 1990; Crowe et al., 1992). It has been sug-
gested, therefore, that trehalose plays a role as a stabiliser
of cellular structures under stress conditions (Keller et al.,
1982; Crowe et al., 1984). In accordance with this sugges-
tion, in vitro studies have revealed the exceptional capabil-
ity of trehalose in protecting biological membranes and
enzymes from freezing- or drying-induced dehydration
(for a review see Crowe et al., 1992) and heat stress
(Hottiger et al., 1994).

As early as 1958 (Cabib and Leloir, 1958) trehaiose bio-
synthesis was found to be catalysed by a two-step process
invoiving trehalose-6-phosphate (Jre6P) synthase and
Tre6P phosphatase. Since then, several studies have
dealt with the purification and kinetic properties of Tre6P
synthase and Tre6P phosphatase in yeast (Panek et al.,
1987; Vandercammen et al., 1989; Bell et al., 1992; De
Virgilio et al., 1993; Londesborough and Vuorio, 1993).
The overall picture that emerged from these studies is
that both enzymes are part of a muitimeric protein complex
with an approximate molecutar mass of 630—800kDa.
This complex, the Tre6P synthase/phosphatase complex,
is composed of at least three different subunits with appar-
ent molecular masses of 56, 102, and 123 kDa. The corre~
sponding genes, TPS1 (encoding the 56 kDa subunit; Bell
et al, 1992), TPS2 (encoding the 102kDa subunit; De
Virgilio et al., 1993), and TSL1 (encoding the 123kDa sub-
unit; Vuorio et af., 1993), have been identified and sequ-
enced. Based on its homology to Tsl1 (55% identity
upon optimal alignment over the entire amino acid sequ-
ence; Manning et al., 1992), Tps3 may constitute a fourth
subunit of the complex. Remarkably, the deduced amino
acid sequence of TPS1 shows striking similarity over its
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entire sequence to parts of the deduced amino acid
sequences of ail three (TPS2, TSL1, and TPS3).

Several observations indicate that Tps1 may carry the
catalytic activity of the Tre6P synthase: (i) tps7A strains
lack any detectable Tre6P synthase activity (Bell ef al.,
1892); (i) TPS? expression in Escherichia coli (Vuorio et
al., 1993) and in yeast (W. Bell et al., submitted) results
in greatly increased Tre6P synthase activity; (i) TPS7 com-
plements the trehalose-synthesis defect of an E. coli otsA
mutant (McDougall et al., 1993); and (iv) transgenic tobacco
plants expressing TPST are able to synthesize trehalose
(Holmstrdm et al., 1996). it was therefore surprising that
TPS1 was found to be identical to the previously sequ-
enced CIF1 {catabolite inactivation of fructose-1,6-bis-
phosphatase), a gene reported to be essential for growth
on glucose in Saccharomyces cerevisiae (Gonzalez et
al., 1992). Several mutations described earlier as fdp7,
cif1, byp1, and gic6 have been shown to be alieles of the
same gene and to exert a wide range of pleiotropic pheno-
types (reviewed in Thevelein and Hohmann, 1995). An
important phenotype of all these mutants {except gic6),
however, is that they are unable to grow on glucose,
apparenily because of an uncontrolled influx of glucose
into the glycolytic pathway (Van Aelst et al., 1991; Hoh-
mann et al., 1993; Blazquez et al., 1993; Bldzquez and
Gancedo, 1994). At least three different modets for this
unexpected role of Tps1 (also called Ggs1 in this context)
in the control of glycolysis have been presented, as fol-
lows. (i) Trehalose synthesis could serve as a metabolic
buffer system by draining off excessively synthesized
sugar phosphates into trehalose and thereby releasing
phosphate which is required further along the glycolytic
pathway for the glyceraidehyde-3-phosphate dehydrogen-
ase reaction. (ii) Tre6P has been shown to inhibit S. cere-
visiae hexokinases in vitro and its absence in {ps 1A strains
could result in unrestrained activity of hexokinases, iead-
ing to an excessive flux of glucose through the early
steps of giycolysis. (iii) Finally, Tps1 could directiy regulate
sugar transport and/or sugar phosphorylation, in addition
toits role as a subunit of the Tre6 P synthase/phosphatase
complex (see Thevelein and Hohmann, 1995, for a review
of these models).

Disruption of TPS2 causes loss of Tre6F phosphatase
activity and accumulation of Tre6P under conditions in
which wild-type cells normally accumutate trehalose (heat
shock and stationary phase), suggesting that Tps2 carries
the catalytic activity of Tre6P phosphatase (De Virgilio et
al., 1993). While TPS7 and TPS2 encode Tre6P synthase
and Treb6P phosphatase, respectively, the role of the TSL1
(for Tre6P synthase long chain) gene product with respect
to trehalose synthesis is not yet understood. It was repor-
ted that partial proteolytic degradation of Tsl1, the 123kDa
subunit of the complex, reduces the phosphate-mediated
inhibition as well as the fructose-6-phosphate-mediated

activation of Tre6P synthase (Vuorio ef al., 1993). Thus,
Ts!t may be involved in modification of the kinetic proper-
ties of Tre6P synthase activity. Recent studies on TP83
and TSL1T expression levels suggest that Tsl1 and Tps3
may to some extent act as interchangeable regulators of
the Tre6FP synthase/phosphatase complex, but that they
also may exert diffierent regulation under specific growth
conditions (Winderickx et al., 1996). The precise function
of both proteins, however, is not clear. The present study
was undertaken in order to clarify the molecular composi-
tion of the Tre6P synthase complex as well as the func-
tional role of its potential subunits. Our results using the
two-hybrid system (Fields and Sternglanz, 1994) show
that both Tst1 and Tps3 can interact with Tps1 and Tps2
in vivo, while the latter two proteins also interact with
each other. In addition, we show, by analysis of the heat-
induced responses of irehalose metabolism in deletion
mutants, that all four potential subunits indeed have a
functional role in the synthesis of trehalose.

Results

Two-hybrid analysis of interactions between Tps1,
Tps2, Tps3, and Tsit

A variety of biochemical data suggest that Tps1, Tps2,
and Tsl1 interact intimately with each other to form the
Tre6P synthase/phosphatase complex (Bell ef al., 1992;
De Virgilio et al., 1893; Vuorio et al., 1983; Londesborough
and Vuorio, 1993). Based on its homology to Tsl1, a fourth
protein, Tps3, may also be part of this complex (De Virgilio
et al., 1993). To investigate the possible interactions of
these four proteins, directed two-hybrid anaiysis (Fields
and Sterngianz, 1994) was performed. Strong interactions
(based on B-galactosidase activities) were determined
for all possible combinations of pairs between Tpsi-AD,
Tps2-AD, and Tps3-AD and Tps1-DBD, Tps2-DBD, and
Tps3-DBD (Table 1). Thus, Tps1, Tps2, and Tps3 appear
to interact not only directly with each other, but also with
themselves, suggesting that each of these subunits may
be present as a homodimer or homomultimer in the
Tre6P synthase/phosphatase complex. It must be pointed
out that these data provide the first experimental evidence
that Tps3 may in fact be a part of this complex.

As a full-length Tsl1-AD did not interact with any of the
other Tps-DBD fusions (data not shown), we tested a trun-
cated Tsl1-AD (Tsli-I-AD; amino acids 60-332), which
was originally isolated in a two-hybrid screen for proteins
interacting with Tps2, for interaction with the other pro-
teins. Accordingly, Tsl1-I-AD showed weak interaction
with Tps1-DBD, strong interaction with Tps2-DBD, and
very weak or no interaction with Tps3-DBD and Tsi1-
DBD. The fullength Ts-DBD interacted weakly with
both Tps1-AD and Tps2-AD, but not with Tps3-AD or
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Table 1. Two-hybrid interactions among the subunits of the treha-
lose-6-phosphate synthase plex in 1y isi:

DBD Fusions

AD fusions TPST TPS2 TPS3 TSL1 MSBz pEG202

TPS1 548 150 696 49 1 5
TPS2 208 528 4n 16 2 17
TPS3 708 239 425 3 18 8
TSL1-1 53 346 20 3 12 §
pJG4-5 2 1 3 2 18 10

Possible interactions among Tps1, Tps2, Tps3, and Tsli were
detected using the two-hybrid system described in the Experimental
procedures. Numbers mean B i ivities (in
Miller units) from three independent transformants for each pair of
plasmids. TSL7-/ codes for an internal part of Tsl1 {amino acids
80-332). pJG4-5 indicates the AD vector with no insert; pEG202 is
the DBO vector with no insert. Values that were at least 20-fold higher
than the corresponding control (pJG4-5 without insert) are shown in
bold.

Tsl1-1-AD. Thus, Tps3 and Tsl1 appear to interact with
both Tps1 and Tps2, but not with each other.

Effects of TPS1, TPS2, TPS3, and TSL1 deletions

To determine the consequences of the loss of Tps1, Tps2,
Tps3, and Ts!1 for trehalose metabolism during heat shock,
we replaced the complete TPS1, TPS2, TPS3, and TSL1
coding sequences in the wild-type strain YSH 6.106.-3A
with TAP1, LEU2, URAS3, and HIS3, respectively. An iso-
genic set of 15 strains carrying these four deletions in all
possible combinations was constructed as described in
the Experimental procedures. While strains with an intact
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Tps1 were able to grow on glucose, all tps7A strains were
defective for growth on giucose, irrespective of additional
mutations in TPS2, TPS3, or TSL1, or any combination
of these deletions (W. Bell et al., submitted). As none of
the strains was defective for growth on galactose, the fol-
lowing experiments were all carried out on media contain-
ing galactose as carbon source. The 15 strains and their
isogenic wild-type strain YSH 6.106.-3A were grown to
exponential phase at 27°C, subjected to a heat shock for
1h at 42°C, and assayed for their trehalose and Tre6P
contents as well as for their activities of Tre6P synthase
and Tre6P phosphatase (Table 2). As expected, wild-
type cefls had very high Tre6P synthase (0.543 pkatg™~'
protein) and Tre6 phosphatase (0.051 wkatg™" protein)
activities in vifro and contained high levels of trehalose
(0.327gg™" protein) but very low levels of Tre6P
(<0.010gg™" protein) in vivo (Table 2, row 1).

Previous studies suggested that the catalytic subunits of
Tre6P synthase and Tre6P phosphatase are encoded by
TPS1and TPS2, respectively (Bell et al., 1992; De Virgilio
et al., 1993). In accordance with these suggestions, all
strains harbouring tps7A were found to have virtually no
Tre6F synthase activity and to be unable to accumulate
detectable amounts of trehalose or TreS8P during heat
shock (Table 2, rows 2, 6, 7, 8, 12, 13, 14, and 16). In addi-
tion, all strains carrying tps2A had drasticaily reduced
Tre6P phosphatase activities and were found to accumu-
late high leveis of Tre6P during heat shock (between
0.257 and 0.199gg™" protein) provided that they con-
tained a functional TPS7 (Table 2, rows 3, 9, 10, and 15).
A residual level of Tre6P phosphatase activity (below
9nkatg™" protein) was found in afl tps2A strains including

Table 2. Trehalose and trehalose-6-phosphate levels and activities of trehalose-6-phosphate synthase and trehalose-6-phosphate phosphatase in
heat-shocked wild-type yeast and mutants with various combinations of tps7A, tps2A, tps3a, and is/1A.

Relevant Trehalose Tre6P Tre6P synthase Tre6F phosphatase
Rowno.  Stran genotype {gg~" protein) (99~ protein) (katg™" protein)  (wkatg™' protein)
1 YSH 6.106.-3A Wild type 0327 £0.016 <0.010 0.543x0.133 0.051 £ 0.002
2 YSH 6.106.-1A tpsi1A <0.005 <0.010 <0.001 0.015x0.008
3 YSH 6.106.-8C {ps2A 0.022 = 0.003 0.199 = 0.041 0.069 = 0.036 0.004 + 0.002
4 YSH 6.106.-2B tps3A 0.344 = 0.014 <0.010 0.336 + 0.083 0.051 £0.016
5 YSH 6.106.-19B  tsi1A 0.352=0.056 <0.010 0.427 = 0.029 0.055=0.014
8 YSH 6.106.-16D  tps1A fps2A <0.005 <0.010 <0.001 0.008 = 0.007
7 YSH 6.106.-58 tps1 ips3A <0.005 <0.010 <0.001 0.013%£0.005
8 YSH 6.106.-6A tps1A isl1A <0.005 <0.010 <0.001 0.014 = 0.007
9 YSH 6.106.-19A tps2A tps3A 0.020 = 0.006 0.220 = 0.020 0.031 = 0.028 0.005 = 0.001
10 YSH 6.106.-14B  ips2A tsh1A 0.015=0.004 0.257 = 0.010 0.027 *0.026 0.004 +0.001
11 YSH 6.106.-16C  1ps3A ts/1A 0.128=0.018 0.016x0.010 0.011 % 0.008 0.051 = 0.006
12 YSH 6.106.-2D 1ps1A tps2A tps3a <0.005 <0.010 <0.001 0.007 = 0.004
13 YSH 6.106.-10A tps1A tps2A isl1d <0.005 <0.010 <0.001 0.008 = 0.004
14 YSH 6.106.-8A tpsTA tps3A tsi1A <0.005 <0.010 0.004 = 0.003 0.008 = 0.002
15 YSH 6.106.-10 1ps2A tps3A tsi1A 0.030 = 0.013 0.252 * 0.036 0.011 = 0.005 0.008 + 0.002
16 YSH 6.106.-4C 1pS1) tps2) tps3A tsi1A <0.005 <0.010 0.002 = 0.002 0.005 £ 0.002

Log-phase cells of the individual strains were grown at 27°C, transterred to a water bath at 42°C, and incubated for 1 h. Results shown represent
the mean = SE of three to four independent experiments. Detection limits for the levels of trehalose, Tre6P, Tre6P synthase activity, and Tre6F
phosphatase activity were 0.005gg™" protein, 0.010gg™" protein, 0.001 ukatg™' protein, and 0.002pkatg™" protein, respectively.
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the quadruple tps7A tps2A tps3A ts/1A strain (Table 2,
rows 3, 6, 9, 10, 12, 13, 15 and 16), indicating that Tps1,
Tps3, and TsH1 are not responsible for this activity. The
residual Tre6P phosphatase activity may be due to unspe-
cific phosphatases.

Surprisingly, all strains carrying tps7A and a functional
TPS2 were not only defective for TreBP synthase activity
but also had greatly reduced levels of Tre6P phosphatase
activity (Table 2, rows 2, 7, 8 and 14). Conversely, all strains
carrying ips2A and a functional TPS7 were not only defec-
tive for Tre6P phosphatase activity but afso had signifi-
cantly reduced levels of Tre6P synthase activity (Table
2, rows 3, 9, 10 and 15). Despite the low levels of in vitro
detectable Tre6P synthase activity, all TPST fps2A strains
were found to accumulate high amounts of Tre6P during
heat shock (see above), indicating that their in vivo
Tre6P synthase activities were sufficient to sustain this
accumulation and are relatively unaffected by the loss of
Tps2. Therefore, the jow Tre6F synthase activities in
TPS11tps2A strains measured in vitro may be a refiection
of an impaired structural integrity of the entire Tre6P
synthase/phosphatase complex in extracts lacking Tps2.
Similarly, the low activity of Tre6P phosphatase activity
in tps1A TPS2 strains may also be a result of the destabil-
ization of the complex in extracts where Tps1 is absent.
The triple deletion strain tps2A tps3A tsi1A (Table 2, row
15) was found to have low, but detectable, Tre6P synthase
activity and to accumulate large amounts of Tre6P. Thus,
the presence of Tps2, Tps3, and Tsi1 seems not to be a
prerequisite for normal functioning of the Tre6P synthase
in vivo under heat-shock conditions.

Earlier studies suggested that Tsl1 may be a regulatory
protein which mediates fructose-6-phosphate activation
and P; inhibition of Tre6P synthase (Londesborough and
Vuorio, 1993). Given the sequence similarity between
Tsl1 and Tps3, both proteins may actually perform redun-
dant regulatory functions or perform their functions under
different physiological conditions. We found that deletion
of TPS3 (Table 2, row 4 resulted in only moderate reduc-
tion of TreBP synthase (0.336 pkatg™' protein) and did
not affect the Tre6P phosphatase (0.051 pkatg™" protein)
activity when compared with the wild type. In accordance
with these results, trehalose (0.344gg™" protein) and
Tre6P (<0.010gg™" protein) levels aiso did not differ signi-
ficantly from those in the witd-type strain (Table 2, row 1).
Deletion of TSL7 (Table 2, row 5) also resulted in a mod-
erate reduction of Tre6P synthase activity (0.427 pkatg™’
protein) but no reduction of Tre6P phosphatase activity
(0.055 pkatg™" protein), and also had no significant effect
on the amounts of trehalose (0.352 g g™~ protein) or Tre6P
(<0.010gg™" protein) accumulated during heat shock,
compared to the wild-type strain (Table 2, row 1). Thus,
both single mutants, tps3A and ts/7A, were not signifi-
cantly reduced in their Tre6P synthase activities or in

their ability to accumulate trehalose. in contrast, deletion
of both TPS3 and TSL71 (Table 2, row 11) was found to
cause not only a dramatic reduction in Tre6P synthase
activity (0.011 zkat g~ protein) but also a significant reduc-
tion in the amount of accumulated trehalose (0.128gg™"
protein) during heat shock, relative to the wild-type strain
(Table 2, row 1). Tre6P phosphatase activity (0.051 ukat
g~" protein) and Tre6P levels (0.015gg~" protein) were
not significantly altered in the tps3A ts/1A strain. These
results indicate that Tps3 and TsH indeed share a func-
tional role with respect to the regulation of Tre6P synthase
activity.

Discussion

A number of publications have deatt with the structural and
functional analysis of the Tre6P synthase complex in S.
cerevisiae. The biochemical and genetic data availabie
suggest that the three proteins Tps1, Tps2, and Tsl
form a multimeric protein complex (Bel! et al., 1992; De
Virgilio et al.,, 1993; Vuorio et al., 1993; Londesborough
and Vuorio, 1993). In the present study we have per-
formed a series of experiments to further elucidate the
structural composition of the Tre6P synthase complex as
well as the specific role of its potential subunits. Using
the two-hybrid system, we show that these three proteins
can physically interact with each other in vivo. A fourth
protein with high homology to Tsl1, namely Tps3, was
also found to interact with both Tps1 and Tps2 in the direc-
ted two-hybrid assay. interestingly, while Tps1 and Tps2
interacted with all other subunits, including themselves,
we could not detect any direct interaction between Tsi1
and Tps3, which may simply be explained by the poten-
tially altered tertiary structure, lower protein stability, or
iow expression ievel of one of these two-hybrid constructs
(see also Fields and Sternglanz, 1994). However, the
absence of detectable Tsl1-Tps3 interaction may also
indicate that binding of these two proteins to the Tre6F
synthase complex may be either spatially or temporally
separated, thus allowing the celis to regulate trehalose
synthesis in response to a broader range of different phy-
siological conditions. In accordance with such a model,
TPS3 and TSL1 have been reported to be differentiafly
expressed in S. cerevisiae. While TPS3 is expressed at
a constant rate in exponentially growing and stationary-
phase cells, TSL1 expression is greatly enhanced upon
entrance into stationary phase (Winderickx et al., 1996).
Thus, the two proteins may indeed mediate, to some
extent, differential regulation of the Tre6P synthase com-
plex according to their relative abundance under different
physiological conditions (e.g. exponential phase and
stationary phase). Nevertheless, our finding that the
tps3A tsl1A double mutant, in contrast to the correspond-
ing single mutants, was seriously impaired in Tre6P
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synthase activity indicates that both proteins must also
share some common functions with respect to trehalose
synthesis in exponentially growing, heat-shocked cells.
In this context, it must be pointed out that our analysis of
the tps3A tsi1A double mutant together with the resuits
of the two-hybrid assays for the first time indicate that
Tps3is a subunit of the Tre6P synthase complex. Whether
Tps3 is also involved in mediation of fructose-6-phosphate
activation and P; inhibition of the Tre6P synthase, as has
been suggested for Tsi1 (Londesborough and Vuorio,
1993), and whether this regulation may vary according
to the physiological conditions, remain to be elucidated.

Despite detailed biochemical analyses of the Tre6P
synthase complex, the stochiometry of the various sub-
units is still unciear. Gel filtration experiments showed that
the molecular mass of the complex is around 630—
800kDa (Londesborough and Vuorio, 1991; Bell et af.,
1992). As the sum of the molecular masses of the four
putative subunits only adds up to =~400kDa, either some
or all of the subunits must exist in more than one copy in
the complex. in support of this hypothesis, we found that
Tpst1, Tps2, and Tps3 were able to interact with them-
selves in the two-hybrid system, indicating that they
may be present as homodimers or homomuitimers in
the Tre6P synthase complex. Gel filtration experiments
revealed that defined fractions representing proteins with
an approximate molecular mass of 100kDa contained
only free Tps1 (56 kDa; W. Bell et al., submitted), indicat-
ing that Tps1 may form a homodimer. Further detailed bio-
chemical studies will be necessary to elucidate the exact
stochiometry of the subunits of the Tre6P synthase com-
plex and to determine whether the conclusions drawn
from the resuits of our two-hybrid analyses reflect the
situation in vivo. The interactions measured by the two-
hybrid method now can be used to identify the domains
on the subunits responsible for the interaction and, in par-
ticular, to find out whether the Tps1-homologous sections
of Tps2, Tsli, and Tps3 serve a function in the assembly
of the complex.

Analysis of the isogenic set of strains carrying deletions
of TPS1, TPS2, TPS3, and TSL? in all possible combi-
nations confirmed the previously suggested roles for
Tpst and Tps2 (Bell et al, 1992; De Virgilio ef al.,
1993). As all strains deleted for TPS7? lost their Tre6P
synthase activity and were unable to accumulate trehalose
or Tre6P during heat shock, we can conclude that TPS?
codes for the Tre6P synthase. In addition, the finding
that all ips2A strains had strongly reduced Tre6P phos-
phatase activiies and accumuiated high amounts of
Tre6P, as long as they contained a functional TPS7
gene, confirms that TPS2 codes for the Tre6P phospha-
tase. Despite the absence of the specific Tre6P phospha-
tase activity, all fps2A strains including the quadruple
tps1A tps2A tps3A tsi1A mutant were found to have
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residual Tre6P phosphatase activity. As none of the
known subunits can be responsibie for this residual activity
in the quadruple deletion strain, we suggest that this activ-
ity is due to unspecific phosphatases. This would also
explain the small amount of trehalose found in the
tps2A TPS1 strain,

A further interesting aspect of our studies is the finding
that all strains deleted for TPS7 have greatly reduced
Tre6P phosphatase activities. Similar resuits were repor-
ted by Vuorio et al. (1993) and led to the speculation that
Tps1 may also carry Tre6F phosphatase activity. This
seems unlikely, however, as {ps2A strains with an intact
TPS1 only accumulated residual amounts of trehalose
(see above). It is therefore more likely that deletion of
TPS1 leads to a destabilization of the trehalose synthase
complex, and hence to a decrease in Tre6P phosphatase
activity, which is especially apparent under the conditions
of the in vitro assay. Likewise, strains deleted for TPS2
also lost most of their Tre6P synthase activity in vitro,
even though they were able to synthesize Tre6P during
heat shock, indicating that the Tre6F synthase was func-
tional in vivo. Thus, it is possible that the absence of
Tps2 also leads to destabilization of the Tre6P synthase
complex, especially during the in vitro assay. in accord-
ance with this suggestion, we previously found that Tre6P
synthase activity in tps2A strains was not significantly
reduced if determined in permeabilized cells (De Virgilio
et al., 1993), a method much less disruptive than the
cell-extraction method used in this study. As particularly
small proteins (<80kDa, e.g. Tps1) may be lost during
sample preparation in permeabilized cells (Miozzari et
al., 1978), use of cell extracts was clearly the method of
choice in the present study, where the occurrence of free
Tps1 inthe extracts of some mutant strains could be antici-
pated. From these observations it is obvious that the
Tre6FP synthase activities measured in vitro often do not
reflect the actual in vivo situation. A further example of
the discrepancy between in vitro and in vivo activity of
the Tre6P synthase is provided by the triple tps2A tps3A
ts/TA mutant which has almost no detectable Tre6P
synthase activity and yet is able to accumulate high
amounts of Tre6F during a mild heat shock. This triple-
deletion mutant is especially interesting as Tps1 seems
to be able to synthesize a farge amount of Tre6P even
though it is probably present as a free subunit in this strain.
Based on the finding that the tps3A ts/1A double mutant, in
contrast to the fps2A tps3A tsl1A triple mutant, is seriously
defective for Tre6P and trehalose synthesis one may
speculate that the free Tps1 subunit may be negatively
reguiated by binding to Tps2. In this context, future studies
should undoubtedly focus on the potential regulation of
Tre6P synthase activity by the other subunits of the
Tre6P synthase/phosphatase complex. In particuiar, it
will be interesting to determine the exact biochemical
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Table 3. List of strains used in this work.

Strain Genotype Source
YSH 6.106.-3A a leu2 ura3 trp1his3 ade2 This work®*
YSH 6.106.-1A o 1ps1A:TRPT This work?
YSH 6.106.-8C a tps2AnLEU2 This work®
YSH 6.106.-2B a tps3AtURA3 This work®
YSH 6.106.-19B « is/7A:HIS3 This wori®
YSH 6.106.-16D o tpsTAuTRPT tps2AtLEU2 This work®
YSH 6.106.-5B o tpsTA:TRPT tps35:URA3 This work®
YSH 6.106.-6A o IpsTA:TRPT ts1TAHIS3 This work®
YSH 6.106.-19A o tps2AiLEU2 tps3AURA3 This work®
YSH 6.106.-14B This work®
YSH 6.106.-16C o tps3AURAS tsl1A:HIS3 This work®
YSH 6.106.-2D o tos1ATAPT tps2AzL EU2 tps3A:URA3 This work®
YSH 6.106.-10A a ips1ATRPT tps2A:LEUZ ts1A:HIS3 This work®
YSH 6.106.-8A o tpsTA:TRPT tps3A::URAS tsI1A::HIS3 This work®
YSH 6.106.-1D a tps2AnLEU2 tps3A::URAS tsI1ALHIS3 This work*
YSH 6.106.-4C a tpsTALTRPT tps2A=LEU2 tps3A::URA3 This work®
ts11AHIS3
EGY48 « his3 tplura3 LEUZ2::pLexAopb-LEU2 Zervos et al. (1993)

a. Isogenic to YSH 8.106.-3A except for the individual deletions. YSH 6.106.-3A is isogenic to,
and a direct sibling of, W303-1A (a lew-3/112 ura3-1 tp1-1 his3-11/15 ade2-1 cani-100 GAL
SUC2; Thomas and Rothstein, 1989).

nature as well as the physiological relevance of the sug-
gested Tps3/TsH-mediated regulation of trehalose synth-
esis. Qur two-hybrid studies as well as our functional
analysis of the subunits of the trehalose synthase compiex
provide an excellent basis for such future studies.

Experimental procedures

Strains, media, and microbiological and recombinant
DNA methods

The S. cerevisiae strains used in this study are listed in Table 3.
E. coli strain JMBO ({r"m™) AtrpF) (Sterner et al., 1995) was
used to rescue pJG4-5-based plasmids from strain EGY48.
The transformed cells were plated directly onto Vogel-Bon-
ner minimal plates (Davis et al., 1980) supplemented with
0.2% (w/v) glucose, 0.5% (w/v) casamino acid hydrolysate,
0.01 mM FeCl, and 100 mg ampicillinI~*, Other plasmid mani-
pulations were performed in E. coli strain DH5¢« (Gibco BRL)
using standard procedures (Sambrook et al., 1989). Standard
procedures of yeast genetics and molecutar biology (Guthrie
and Fink, 1991; Sambrook et al., 1989) were used. Yeast
transformations were performed using a modification of the
Li*-ion method (Gietz et al., 1992).

Yeast and E. coli media, including defined media (SD with
appropriate amino acid supplements) were prepared accord-
ing to standard recipes (Sambrook et al., 1989; Rose et al.,
1990). Yeast cell cultures were incubated on a rotary shaker
(140r.p.m.) at 27°C, taking care that the cell densities were
below 5x10°cellsmi~" at the beginning of the heat-shock
experiments (1 h at 42°C).

The complete open reading frames of TPS1, TPS2, TSL1,
and TPS3were deleted by the method of Eberhardt and Hoh-
mann (1995). The strategies for deletion of TPST (Van Aelst
et al,, 1993} and TPS2 (Hohmann et al., 1996) have been
described elsewhere. For deletion of TSL1, a plasmid carry-
ing the TSL7 open reading frame as well as 5’ and 3’ flanking

sequences cloned into the Smal site of pBluescript (Strata-
gene) (Vuorio et al., 1993) was amplified by the polymerase
chain reaction (PCRY), using primers that yietd a PCR product
lacking the complete open reading frame. Bg/ll sites that had
been introduced in the primers were used to ligate this PCR
product to a BamHI-HI/S3 fragment, which was derived
from the YDp set (Berben et al., 1991). From the resulting
plasmid a BamHi—E£coRI fragment, containing TSLT flanking
sequences separated by H/S3 and H/S3 flanking sequences,
was isolated and used for yeast transformation. For the dele-
tion of TPS3, a 4.2kb Xbal-Smal fragment containing the
TPS3 open reading frame including flanking sequences was
cloned into the Xbal-Smal sites of pUC19. The plasmid
was amplified by PCR, using primers that yield a PCR product
tacking the complete TPS3 open reading frame. BamHil sites
that had been introduced into the primers were used to ligate
this PCR product to a BamHBI-URA3 fragment, which was
derived from the YDp set (Berben et al., 1991). From the
resulting plasmid an Xbal-EcoRI fragment, containing 7PS3
flanking sequences separated by URA3 and URA3-flanking
sequences, was isolated and used for yeast transformation.
All deletions were confirmed by Southern blot analysis.
Strains carrying multiple deletions were generated by cross-
ing and tetrad analysis.

Two-hybrid analyses

The interactions of the subunits of the Tre6P synthase complex
were tested by two-hybrid analysis (Fields and Sternglanz,
1994), using the LexA system described in detail elsewhere
(Gyuris et al., 1993). To fuse the various full-iength Tre6P
synthase complex subunits to the LexA DNA-binding domain
(DBD) coding sequences in plasmid pEG202 {Zervos et al.,
1993) and to the activation domain (AD) coding sequences in
a modified version of plasmid pJG4-5 (Gyuris et al., 1993) that
contains the polylinker fegion from pEG202 (C. De Virgilio and
D. DéMarini, unpublished), S. cerevisiae TPS1, TPS2, TPS3,
and TSL71 (accession numbers X61275, X70694, M88172,

© 1997 Blackwell Science Lid, Mofecular Microbiology, 24, 687695
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and X72788, respectively) full-length coding sequences were
amplified by PCR using Vent DNA polymerase (New England
Biolabs) and either cloned genes (TSL7 and TPS3) or geno-
mic DNA (7PS1 and TPS2) as tempiates. Appropriate restric-
tion sites were introduced with the primers. The PCR products
were cloned at the Bamt! site (TPST), the Notl site (TPS2),
the Xhol site (TPS3), or the EcoRi-Sall site (TSLT) of
pEG202. The constructs contain either 2 (EF for pEG202—
TSL1), 5 (EFPGI for pEG202—TPS7), 12 (EFPGIRRPWRPQ
for pEG202-—-TPS2), or 13 (EFPGIRRPWRPLE for pEG202-
TPS3) additional amino acids between the LexA DBD and
the first amino acid of the fused protein (M for ail but Tps1;
L, corresponding to the 10th residue, for Tps1). As a negative
control, MSB2 was fused to the DBD in pEG202 as described
earlier (Simon et al., 1995). For construction of a fusion of
Tps1 to the AD in pJG4-5, the TPST sequence was isolated
from pEG202-TPST by partial digestion with EcoRl and
Xhol {TPS1 has an internal EcoRl site) and cloned into the
EcoRl site of pJG4-5.

To fuse Tps2 and Tps3 to the activation domain in pJG4-5,
the defined sequences were amplified as above and cloned
into the Noti site (for TPS2) of a pJG4-5 that had been modi-
tied to include a Not! site in its polylinker, or into the Xhol site
of pJG4-5 (for TPS3). The Tsl1-AD fusion (TSL1-1) was ori-
ginally isolated in a two-hybrid screen for proteins that interact
with Tps2. The fused sequence in pJG4-5 codes for the amino
acids 60—-332 of the original Tsl1 sequence.

Strain EGY48 (Table 3) containing the LexAop~lacZ repor-
ter plasmid pSH18-34 (Gyuris et al., 1993) was cotransfor-
med with pEG202 or a pEG202-derived plasmid expressing
a LexA DBD fusion protein and with pJG4-5 or a pJG4-5-
derived plasmid expressing an AD fusion protein. Beta-galac-
tosidase activities were then assessed in three independent
clones of each strain grown for 16 h at 27°C in minimal med-
ium containing 2% (w/v) galactose, 1% (w/v) raffinose, and
20 pg leucinemi=".

Enzyme assays and determination of metabolite
levels

Enzyme activities were measured in crude extracts made
from cells harvested by centrifugation and washed once
with distilled water. After resuspension in imidazole buffer
(1mM EDTA, 1mM PMSF, 2mM MgCl,, 50mM imidazole-
HCl, pH6.3), glass beads (0.5mm diameter) were added
and the ceils were broken by four cycles of vortexing and coot-
ing on ice, each for 1 min. The extracts were transferred into
fresh tubes and centrifuged for 15 min at 20 000 x g. Superna-
tants were desalted on Sephadex G-25 columns (bed volume
2mil) and then used for enzyme assays. All procedures were
carried out at 4°C. Tre6P synthase activity was measured
using the coupled assay described by Hotliger et al. (1987).
The activity of Tre6 phosphatase was determined by incu-
bation of extracts with Tre6F (Sigma) and quantification of
the product trehalose by high-performance liguid chromato-
graphy (HPLC) analysis as described below (see also De
Virgilio et al., 1993).

For the determination of trehalose and Tre6P, 10mi of
exponentially growing ceils was filtered (Whatman GF/C),
washed three times with 5ml of distilled H,0, resuspended in
1mi of H,O and transferred to a beiling water bath for 10min.
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After centrifugation (three times for 10min at 20000x g, tre-
halose and Tre6P were determined in the supernatant by
HPLC analysis as described by De Virgilio et al. (1993)
using an anion-exchange column (CarboPac PA-1, Dionex)
and a Dionex DX-300 Gradient Chromatography System.
Peaks were detected with a pulsed amperometric detector
(Dionex).

Protein concentrations in crude extracts were measured
using the Bio-Rad protein assay according to the manufac-
turer’s instructions, using BSA as the standard. Protein con-
centrations in the cultures were determined by means of a
modified Lowry assay (Peterson, 1977), using BSA as the
standard.
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INTRODUCTION

In the previous chapter it has been described that in S. cerevisiae trehalose is accu-
mulated in response to a mild heat shock as well as upon stationary phase entry through
the activity of the multimeric Tre6P synthase/phosphatase complex. This complex con-
sists of four different subunits, encoded by the genes TPS! (coding for the Tre6P syn-
thase), TPS2 (coding for the Tre6P phosphatase), TSL! {(coding for the 123 kDa putative
regulatory subunit), and TPS3 (coding for a TSLI homolog). It is by now widely ac-
cepted that accumulation of trehalose is advantageous for the survival of cells under dif-
ferent stress conditions. The regulation of trehalose synthesis however. has been the topic
of a controversial debate (for a review see Thevelein, 1996). Moreover, interest in the
regulation of Tps1 especially has been fueled by the discovery of its involvement in the
control of glycolytic flux (see General Introduction and previous chapter, for a review see
Thevelein and Hohmann, 1995). In the course of the debate, evidence for both transcrip-
tional and posttransiational control of trehalose synthesis has been presented.

One argument for transcriptional control of both Tre6P synthase and Tre6P phos-
phatase by glucose repression stems from the observation that transfer of cells to growth
medium without glucose led to an increase in the two enzyme activities which could be
prevented by the addition of cycloheximide (Frangois et al., 1991). Hence, in response to
the carbon source present, Tre6P synthase and Tre6P phosphatase might be subjected to
control at the transcriptional and/or translational rather than at the posttranslational level.
Recently, the transcription of TPS1, TPS2, TPS3, and TSL! has been studied in detail
during exponential growth and in stationary phase. While TPSI, TPS2, and TPS3 were
more or less constitutively expressed, irrespective of growth phase and carbon source,
abundance of TSLI was strongly repressed when cells were grown on glucose and com-
pletely derepressed during growth on a gluconeogenic carbon source or in stationary
phase (Winderickx et al., 1996). These findings may may not be easily reconciled with
the idea that trehalose synthesis is controlled at the transcriptional level. However, since
the relative abundance of a certain mRNA species may not reflect the actual amount of the
corresponding protein, it is possible that de novo synthesis of the Tps proteins may be
important for the regulation of trehalose accumulation. Therefore determination of the
levels of Tps1, Tps2, Tps3, and Tsl1 protein should give a more precise picture of the
importance of transcriptional and/or translational control mechanisms for the accumulation
of trehalose during growth to stationary phase.

During a sublethal heat shock S. cerevisiae cells rapidly accumulate trehalose and
this accumulation is mirrored by an increase in Tre6P synthase and to a lesser extent of
Tre6P phosphatase activity in vitro (Hottiger et al., 1987; De Virgilio et al., 1993). Under
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these conditions a strong but transient induction of transcription of both 7PS/ and TPS2
was observed (Bell et al., 1992; De Virgilio ez al., 1993). This expression pattern resem-
bles the pattern described for members of the heat-shock protein family (Werner-Wash-
burme ez al., 1989). The transcriptional induction of heat-induced genes is thought to be
mediated by the heat-shock factor, a transcriptional activator constitutively bound to a cis
promoter sequence, the heat-shock element (Sorger and Pelham, 1988). In the case of
TPSI, TPS2, TPS3 and TSLI it has recently been shown that their promoters contain
several C4T elements (Gounalaki and Thireos, 1994: Varela et al., 1995). This cAMP-re-
sponsive element, also called STRE (for stress response element) has been identified as
an important upstream regulatory element for the general stress response in S. cerevisiae
(Kobayashi and McEntee, 1993; Marchler et al., 1993), which is independent of heat-
shock factor. In the case of TPS2, deletion of two of the four STRESs present in the pro-
moter indeed resulted in diminished stress induction of the gene (Gounalaki and Thireos,
1994). The other three genes, TPS1, TPS3, and TSLI, still await more detailed analysis.
Taken together it seems that transcriptional induction of TPSI and TPS2 and possibly
also of TPS3 and TSLI during a mild heat shock may at least partially contribute to heat-
induced trehalose synthesis. In support of this assumption, it needs to be pointed out that
addition of the translation inhibitor cycloheximide to cultures prior to a heat shock par-
tially inhibited trehalose synthesis and the increase in Tre6P synthase activity (Hottiger,
1988; Neves and Francois, 1992). Also, it could be shown that trehalose synthesis is re-
duced at temperatures that are permissive for trehalose but non-permissive for protein
synthesis in S. cerevisiae (De Virgilio ez al., 1991b). Taken together, these results indi-
cate that at least during heat shock transcriptional activation and subsequent de novo syn-
thesis of the Tre6P synthase as well as activation of the already present enzyme are re-
sponsible for the observed increase in trehalose synthesis. As in the case of stationary
phase cells mentioned above, it still remains to be shown, however, that the heat-induced
mRNAs of the TPS genes are also translated into the corresponding proteins under heat-
shock conditions. Interestingly, the same type of investigations performed with the dis-
tantly related fungi S. pombe and Neurospora crassa revealed that in these organisms
regulation at the transcriptional and/or translational level plays no role in trehalose accu-
mulation during heat shock (De Virgilio et al., 1990; Novente-Jord3o et al., 1996; Ribeiro
etal., 1997).

For the posttranslational control of trehalose synthesis several modes of action have
been proposed, namely regulation by chemical or physical effectors of Tre6P synthase
and Tre6P phosphatase, availability of substrates, or posttranslational modifications of
Tre6P synthase, as will be presented in the following paragraphs.

The influence of a number of effectors was investigated, starting with the studies of
Cabib and Leloir (1958), who provided the first data on the biochemical properties of the
Tre6P synthase. They determined a pH-optimum of 6.6 in the presence of 25 mM Mg2+.
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Tre6P phosphatase was completely dependent upon the presence of Mgl+
(Vandercammen et al., 1989). A powerful activator of the Tre6P synthase but not of
Tre6P phosphatase is fructose-6-phosphate (Fru6P) (Londesborough and Vuorio, 1993).
In the absence of Fru6P, phosphate at physiological concentrations (K; about 5 mM)
strongly inhibited Tre6P synthase activity whereas Tre6P phosphatase was stimulated
(Vandercammen et al., 1989; Londesborough and Vuorio, 1991; Londesborough and
Vuorio, 1993). Several other enzymes involved in carbohydrate metabolism are also in-
fluenced by free phosphate (Banuelos et al., 1977; Francois and Hers, 1988; Francois et
al., 1988) making it likely that the intracellular phosphate concentration could be an im-
portant regulator of carbohydrate metabolism. In this context it is interesting to recall that
trehalose synthesis has been proposed to act as a kind of metabolic buffer system during
exponential growth on glucose. Accordingly, low levels of free phosphate would pro-
mote trehalose synthesis, thereby enhancing the recovery of free phosphate from exces-
sively formed glucose-6-phosphate (Glu6P), which would relieve a bottleneck in glycol-
ysis (Thevelein and Hohmann, 1995).

Another potent effector of Tre6P synthase activity is the temperature. Inhibition of
Tre6P synthase by phosphate and stimulation by Fru6P was temperature-dependent in
vitro, both effects being most pronounced at 30°C, and negligible at 50°C. Tre6P phos-
phatase only displayed minor temperature dependency (Londesborough and Vuorio,
1993). Based on their findings that the increase in the activities of Tre6P synthase and
Tre6P phosphatase observed at 40°C coincided with a strong decrease in trehalase activity
at this temperature, Francois and Neves (1992) concluded that the induction of trehalose
by heat shock was a consequence of temperature-dependent changes in the kinetic prop-
erties of the trehalose metabolic enzymes.

Kinetic studies of the Tre6P synthase revealed that the enzyme displays Ky, values
of 0.5 mM for UDP-glucose and 3.5 mM for Glu6P (Vandercammen et al., 1989). While
the K, value of UDP-glucose is close to, the one of Glu6P is significantly higher than its
intracellular concentration during growth on glucose (Gancedo and Gancedo, 1977).
Therefore, it seems likely that the availability of Glu6P could be a determining factor in
the biosynthesis of trehalose in yeast (Vandercammen et al., 1989). In the case of the
regulation of trehalose accumulation during heat shock, evidence for this interpretation
was presented. In the initial phase of a mild heat shock the concentrations of the sub-
strates for Tre6P synthase were found to rise 5-10 fold, prior to the activity increase of
the enzyme. The increased availability of these substrates was attributed to a differential
effect of temperature on glucose influx and glycolysis, causing upstream metabolites to
accumulate (Winkler et al., 1991; Ribeiro et al., 1994). While the availability of sub-
strates seems a plausible explanation for the observed accumulation of trehalose during
heat shock, it remains to be shown how the same mechanism could be involved in the
regulation of trehalose synthesis upon stationary phase entry.
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Posttranslational modification of enzyme activity by means of phosphorylation is
one possible way of modifying the activity of an enzyme directly. It has been shown that
the trehalose-hydrolyzing enzyme neutral trehalase is activated by cAMP-dependent
phosphorylation (Uno et al., 1983; App and Holzer, 1989). It therefore seems reasonable
to assume that trehalose synthesis could be regulated by the same pathway in an inverse
manner. Indeed, Panek er al. (1987) claimed that Tre6P synthase could be inactivated by
phosphorylation in a cAMP-dependent way. Their view has been challenged by Vander-
cammen et al. (1989) who criticized the enzyme assay used by the Panek group. Using a
more reliable assay, Vandercammen et al. (1989) found no evidence for inactivation of
Tre6P synthase or Tre6P phosphatase through cAMP-dependent phosphorylation either
in vivo or in vitro.

Limited proteolysis might be another means of regulation of Tre6P synthase. Dur-
ing purification Tre6P synthase was observed to be partially degraded by endogenous
proteolysis, resulting in its activation (Londesborough and Vuorio, 1991). From their re-
sults Londesborough and Vuorio (1991) deduced that the active site of Tre6P synthase
could be partially occluded by a flap of protein from one end of the complex. A more de-
tailed analysis revealed that the protein affected by proteolysis was Tsl1 and that this sub-
unit was most probably responsible for holding together the intact trehalose synthase
complex and conferring sensitivity to phosphate and Fru6P (Vuorio et al., 1993). Activa-
tion by proteolysis in vitro was also reported from the Tre6P synthase of Candida utilis
(Vicente-Soler ez al., 1991). Still, the role of proteolysis for the regulation of Tre6P syn-
thase ir vivo remains to be elucidated.

Finally, it has been shown that some sort of intrinsic regulation of Tre6P activity by
one or both of the large subunits, Tsl1 and Tps3, respectively, exists in vivo. Trehalose
accumulation in heat shock as well as in stationary phase depends upon the presence of
either Tps3 or Tsl1 (Reinders ez al., 1997; Bell er al., 1998). Deletion of TPS3 was found
to have no effect upon the induction of Tre6P synthase activity in cells growing to sta-
tionary phase, whereas deletion of TSL/ prevented the induction (Ferreira et al., 1996;
Bell et al., 1998). This is in good agreement with the observed expression levels of TPS3
and TSLI under different growth conditions (see above, Winderickx et al., 1996) and
could be interpreted in such a way that the two subunits are responsible for control of tre-
halose synthesis under different conditions. During heat shock, however, no different in-
fluence of the loss of TSLI or TPS3 could be detected (Reinders et al., 1997).

From the results obtained so far it seems likely that both transcriptional and post-
translational regulatory mechanisms are involved in trehalose synthesis. In this context, it
is interesting to note that in Aspergillus niger, a filamentous fungus that possesses two
Tre6P synthases, both are differentially regulated. While one is constitutively expressed,
the other is specifically induced during heat shock (Wolschek and Kubicek, 1997).In §S.
cerevisiae one enzyme is responsible for trehalose synthesis under all conditions. There-
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fore it may be speculated that the nature of the control mechanisms of Tre6P synthase
(i.e. the induction or repression of TPS1 expression and posttranslational activation of
Tps1) depends on the physiological conditions.

In view of the controversy over the mode of control of trehalose synthesis and es-
pecially in view of the proposed role of Tps1 as a possible control element of sugar influx
into glycolysis we decided to perform a two-hybrid screen for proteins which interact
with Tps1. Such a screen was expected to yield (i) regulatory proteins of Tpsl, (ii)
unidentified subunits of the Tre6P synthase/phosphatase complex, and (iii) elements of
the glycolytic pathway that interact with Tps1. This screen was initiated by C. De Virgilio
and continued by C. Funk with the technical assistance of N. Biirckert. A second screen
using the second enzymatic entity of the Tre6P synthase/phosphatase complex, Tps2, as
bait followed. A first transformation was done by C. Funk and the screen was then con-
tinued by myself with the technical support of N. Biirckert. This chapter of my thesis
summarizes the results of these two screens and then mainly focuses on the characteriza-
tion of a new protein kinase gene, RIM15, that was identified as an interactor of Tpsl.
The putative role of Rim135 in trehalose synthesis and nutrient signaling was investigated.
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RESULTS

Two-hybrid screens with Tpsl and Tps2

A two-hybrid screen was performed to identify proteins that interacted with Tps1
and a second screen to identify proteins that interacted with Tps2. This study was under-
taken for three reasons. First, while four putative subunits of the Tre6P syn-
thase/phosphatase complex had been identified (Bell ez al., 1992, Manning et al., 1992,
De Virgilio er al., 1993, Vuorio ef al., 1993), it still remained to be shown that they ac-
tually form a complex irn vivo (see Chapter I). Second, regulation of trehalose synthesis
by posttranslational mechanisms had been discussed (see Introduction) but no interacting
regulatory protein had been isolated. Third, especially in view of the role of Tps! as a
putative regulator of glycolysis and/or sugar uptake, it would have been interesting to
identify interacting proteins involved in these functions (e.g. hexokinases, glycolytic en-
zymes, hexose transporters).

A genomic DNA library from yeast was screened using the LexA two-hybrid sys-
tem (“interaction trap", Zervos et al., 1993). Selection was performed with strain EGY48
that contained pEG202-TPS! (expressing DBD-Tpsl) or pEG202-TPS2 (expressing
DBD-Tps2) and also pSH18-34, a highly sensitive LexAop-lacZ reporter (Gyuris ez al.,
1993). A pool of cells containing 7.5x 105 primary library transformants was plated onto
SD plates containing galactose but no leucine and the first 72 (DBD-Tps1) or 104 (DBD-
Tps2) colonies that appeared were picked. These were further analyzed for unambiguous
galactose-dependent blue color on X-gal medium. The remaining colonies were then
checked by restriction analysis and partial sequencing (see Material and Methods) and as-
signed to 38 (DBD-Tps1) or 33 (DBD-Tps2) classes. From these classes a vast number
could be discarded after sequence comparison with the EMBL data base because they
were found to encode known transcription factors and other false positives encountered in
previous two-hybrid screens by other groups (Claudio De Virgilio, personal communica-
tion), or because they contained non-coding sequence. Plasmids isolated from each re-
maining class of positive clones were backtransformed into strain EGY48 and their 8-
galactosidase activity on liquid galactose-containing medium determined. Eventually three
classes of interactors with Tps1 and two classes of interactors with Tps2 remained. They
are listed in Table 1. Partial sequencing of the first class of Tps1 interactors showed it to
be a previously unidentified gene with homology to protein kinases. Consequently, it was
called TAKI (for Tps1 associated protein kinase) and because a role in the regulation of
trehalose synthesis was anticipated it was decided to commence detailed analyses with
this gene. As explained in Material and Methods and in the Introduction to this chapter,
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the nomenclature suggested by Vidan and Mitchell (1997), who called the same gene
RIMI5 and the gene product Rim15, was later adopted because their publication was the
first showing a function of Takl/Rim15 (see below). The other two classes of Tps! inter-
actors showed no obvious homology to any sequence at the EMBL data base at that time.
In the meantime however, the corresponding full length genes have been sequenced by
the S. cerevisiae genome project. They were assigned the names YPL032C (accession
number U44030) and YBRO61C (accession number Z35930). Both genes have no
known function. YPLO32C is highly homologous to PAMI (Hu and Ronne, 1994; 42%
identity over the entire predicted amino acid sequence). PAMI was identified in a screen
for multicopy suppressors of protein phosphatase 2A (PP2A) deficiency. Strong overex-
pression of PAM1 led to growth arrest and a filamentous phenotype. It was speculated
that PAMI might encode a regulatory element that either acts on one of the systems regu-
lated by PP2A or by counteracting the activity of a protein kinase (Hu and Ronne, 1994).
PP2A has been shown to be involved in regulating various metabolic processes. In bud-
ding yeast it is a regulator of cell division and morphogenesis and has been found to in-
hibit the entry of cells into mitosis. In mammalian systems PP2A is known to dephospho-
rylate downstream targets for cAPK (for reviews see Cohen, 1989; Shenolikar, 1994).
The fact that the same screen that yielded a gene for a new protein kinase (RIM15) also
yielded the gene for a putative kinase-inhibiting protein, makes it seem worthwhile to
further investigate the role of YPLO32C in the future. Recently YPL0O32C has also been
entered into the data base under the name of SVL3 (styryl dye vacuolar localization) but
no further information has been published so far (Zheng ef al., 1997). YBR061C has
some homology to the fzsJ protein from E. coli (Tomoyasu et al., 1993, 37.6% identity
over the entire predicted amino acid sequence) but the significance of this homology re-
mains unclear at the moment. Disruption of ft1J in E. coli causes slow growth and forma-
tion of filaments (Tomoyasu ez al., 1993) but apart from these observations no function
has been assigned to the FtsJ protein.

None of the subunits of the Tre6P synthase/phosphatase complex were isolated in
the screen with DBD-Tps1 which is somewhat surprising since in a directed two-hybrid
assay it has been demonstrated that Tps] can interact with Tpsl, Tps2, Tps3 and Tsli
(Reinders et al., 1997; see Chapter I of this thesis). It seems that the screen was not fully
saturated even though care had been taken to ensure this by transforming an appropriate
number of cells. This explanation is supported by the fact that the same RIM 15 library
plasmid was identified nine times in the screen while the other two genes were found only
once.

The screen for interactors of Tps2 yielded two classes of interactors. One of them
was Tsll, one of the large subunits of the Tre6P synthase/phosphatase complex (Vuorio
et al., 1993; Reinders et al., 1997). The corresponding library plasmid was found ten
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times in the screen. The second interactor YHR202W (accession number U00030) again
showed no homologies to any other gene in the EMBL data base.

Table 1: Results of two-hybrid screens using Tpsl and Tps2 as baits

DBD- Identity of AD fusions B-Galactosidase Amino acid References

fusions activity residues
TPSI TAKI / RIMI15 / 44 761-1051  Murakami et al.,
YFLO33C 1995; Vidan and

Mitchell, 1997,
Reinders ef al., 1998

TPS1 YPL032C / SVL3 213 3-394 Bussey et al., 1997,
Zheng et al., 1997

TPS1 YBROGIC 129 774-815

TPS2 TSLI 344 60-332 Vuorio et al., 1993

TPS2 YHR202W 490 43-110

B-Galactosidase activities in Miller units of negative controls (with pEG202, DBD-Msb2)
were subtracted from the activities displayed in the table (values were below 4 units for all
controls). YPLO32C, YBRO61C, and YHR202W were identified once, RIMI5 nine
times, and TSLI ten times.

In a second round of assays all of the identified interactors listed in Table 4 were
analyzed for the specificity of their interaction with the bait used. This was done by test-
ing the ability of AD-Rim15, AD-YPL032C, AD-YBRO61C, AD-Tsll, and AD-
YHR202W (the previously isolated library plasmids were used) to interact with DBD-
Tpsl, DBD-Tps2, DBD-Tps3, DBD-Tsl1, DBD-Msb2, and the empty vector pEG202
(see Reinders ez al., 1997, Chapter I of this thesis, for a detailed description of the DBD-
fusions). B-Galactosidase activity was assayed. AD-Rim15, AD-YPL032C and AD-
YBRO61C were shown to interact only with the bait originally used to isolate them. Since
Tpsl, Tps2, Tps3, and Tsil share high homology over the entire stretch of Tps1 it can
therefore be concluded that the interactions observed are highly specific. AD-YHR202W
interacted with three of the four subunits of the Tre6P synthase/phosphatase complex
(DBD-Tps!: 272 Miller units; DBD-Tps3: 73 Miller units) but not with the fourth (DBD-
Tsl1) and not with the unrelated control (DBD-Msb2) or the empty vector. It can therefore
with caution also be considered a specific interactor. AD-Tsl1 also interacted with DBD-
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Tps1, but not with DBD-Tps3 or with the unrelated control. Since these data are also
further supported by physiological experiments, it can be concluded that the two-hybrid
results for Tsl1 again reflect specific interactions (Reinders et al., 1997).

Cloning and sequence analysis of RIM15

Sequence comparison of the insert of pJG4-5-RIM15 had shown it to have high
homology to protein kinases. In order to identify the full length gene a genomic library in
PSEY8 was screened and several clones were obtained. The longest clone (#8, about 9
kb) was sequenced and found to contain an open reading frame of 3.3 kb, predicted to
code for a protein of 122 kDa. Because the sequence upstream of the first methionine
contained several in-frame stop codons this was considered to be the start of the ORF.
Sequence comparison revealed homology to members of the family of serine/threonine
protein kinases. The gene was therefore originally designated TAK (for Tps1 associated
protein kinase) and its gene product Tak1. During the course of this study, the same gene
was also sequenced by the S. cerevisiae genome project and assigned the name YFLO033C
(accession numbers D50617/D44605). Recently the same gene was also isolated in a
screen for mutations resulting in reduced expression of IME2, a gene induced in early
meiosis (Vidan and Mitchell, 1997). Accordingly it was called RIMI5 (for reduced ex-
pression of IME2) and it was proposed to have a role as an activator of early meiotic
genes. As already explained before, this name will be used in this thesis instead of
TAKI. The complete sequence of YFLO33C/RIM15 was shown to be 5.3 kb instead of
3.3 kb. The difference in length between our sequence and the sequence of
YFLO33C/RIM15 was due to a faulty library clone. The pSEY$ clone used by us for se-
quencing RIM15 was a hybrid clone and what we considered to be promoter sequence of
RIMI5 was then found to belong to another chromosome. Figure 2 (Material and Meth-
ods) gives an overview of the RIMI5 gene, indicating length and position of the initially
identified LexA clone and the position of the first identified start codon (arrow). Eventu-
ally 6316 bp were sequenced from phage clone ATCC 70791 (from ATCC, Rockville,
MD, USA), containing the whole 5313 bp RIMI5 gene. This gene is predicted to code
for a protein of 1770 amino acids or approximately 197 kDa. The clone isolated in the
two-hybrid study corresponds to amino acids 761-1051 of Rim15, this part of the se-
quence includes kinase subdomains I-VIL The sequence was submitted to the EMBL data
base under the name of TAKI and given the accession number AJ001030.

The predicted Rim15 protein bears strong homology to known protein kinases
(Figure 1 and 2). All eleven major conserved kinase subdomains (Hanks et al., 1988)
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Figure 1: Nucleotide sequence and deduced amino acid sequence of RIMIS5. In addition to
the coding sequence a total of 1000 nucleotides of up- and downstream sequence are
shown. The ATP-binding site is marked with diamonds. Invariant sequences among known
protein kinases are marked with closed circles (Asp-Phe-Gly) or closed triangles (Ala-Pro-
Glu), consensus sites typical for serine/threonine protein kinases are marked with open
circles (Asp-Leu-Lys-Pro-Glu-Asn) or open triangles (Gly-Thr-X-X-Tyr-X). Consensus
sequences for cAPK phosphorylation and for protein kinase C phosphorylation are shown
in bold and in bold, underlined letters, respectively. The stop codon is indicated by an
asterisk.
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were found. The consensus Gly-X-Gly-X-X-Gly in domain I followed by an invariant
Lys 7-16 amino acids later, also found in many nucleotide binding proteins, is thought to
be part of the ATP-binding site (Kamps et al., 1984; Hannink and Donoghue, 1985;
Hanks et al., 1988; Saraste et al., 1990). The corresponding sequence in the RIM15 gene
is marked in Figure 1 with diamonds. The most highly conserved stretches in the catalytic
domains are Asp-Phe-Gly (in subdomain VI, indicated by closed circles in Figure 1) and
Ala-Pro-Glu (in subdomain VIII, indicated by closed triangles in Figure 1). Subdomains
VII and VIII are also known to contain residues that are specific to either serine/threonine
or tyrosine kinases. They might play a role in recognition of the correct hydroxiamino
acid (Hanks et al., 1988). The sites specific for serine/threonine phosphorylation are Asp-
Leu-Lys-Pro-Glu-Asn, in subdomain VII (marked with open circles in Figure 1) and a
less strongly conserved region in subdomain VIII, immediately on the amino-terminal
side of the Ala-Pro-Glu consensus, is GIy—Thr/Ser—X—X-Tyr/Phe-X-A]a-Pro-G]u
(marked with open triangles in Figure 1). Accordingly, a FASTA/TFASTA search at the
EMBL data base placed the Rim15 protein in the family of serine/threonine protein ki-
nases, with especially high homologies to members of the subfamily of cAMP-dependent
protein kinases (see Figure 2). This was confirmed by the recently published dendrogram
of the S. cerevisiae protein kinase superfamily that places Rim15 (YFLO033C) in the AGC
group on a branch close to the ¢AMP-dependent protein kinases (Hunter and Plowman,
1997).

The predicted amino acid sequence of RIMI5 has some intriguing features. One
feature is the presence of extended amino- and carboxy-terminal domains that are distinct
from the conserved kinase domain of the protein. These parts of Rim15 have no homol-
ogy to any other S. cerevisiae gene in the EMBL data base. The same is true for the un-
common additional stretch of 210 amino acids between the conserved kinase domains VII
and VIII (Hanks ef al., 1988). The closest known homolog of RIM15 is the Schizosac-
charomyces pombe cekl+ which was isolated as a multicopy suppressor gene for the
temperature sensitive defect in progression through mitotic anaphase caused by cuz8-563
(Samejima and Yanagida, 1994). Interestingly, these two genes aiso share homologies in
their extended amino-terminal domaing upstream of the putative ATP-binding sites
(26.2% identity between the 800 and 595 amino-terminal amino acids of Rim15 and
Cekl, respectively) and Cek1 also contains an insertion of 112 amino acids between ki-
nase domains VII and VIIL In view of a possible regulation of Rim15 function the pres-
ence of four consensus sites for cAPK-dependent phosphorylation, Arg-Arg-X-Ser
(Edelman et al., 1987; printed in bold, Figure 1) and one consensus site for protein ki-
nase C dependent phosphorylation (Arg-X-X-Ser-X-Arg, Kemp and Pearson, 1990; bold
and underlined, Figure 1) are worth noting.
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Riml5 PSIkDYdILKPISKGAyGSVYLARKKlTGDYFAIKVLrKSdMIAKNQVtNV 839
Cekl PSInDYkILKPISKGAFGSVYLAqutTGDYFAIKiLKKSnMIAKNQViNV 634
Tpkl YSlQDFqILRtLGtGsFGthLiRsrhnGRYYAMKVLKKeierlkQVeHT 132
Sch9 ngQDFeVLRlLGKGtFGqVYqVkKKquRiYAMKVLSKkVinKNequT 457

Riml5 ksERAIMMstdK..PyVARLfasFQnKDnLFLVMEYlpGGDLatLiKmMG 889
Cekl raERAILMSQges..PFVAkLnyFQsKDyLYLVMEYlnGGchSLLKtMG 684
Tpkl ndER.lMlSivth..PFIimegTFQdaqqiFmiMDYieGGELFSLLrKsq 181
Schg igERnILyttasKssPFIngkstQtptdLYLVtDYmsGGELthLquG 509

Riml5  yLPAGWARQY1tEiVygvnDmHGNGIIHhDLKPENLLIDnaGHVKLTDEGL — 939
Cekl  vLA1DWirtYIAEtVLCLgDLEDrGITHRDIiKPENLLISQNGHIKLTDFGL 734
Tpkl  REPNpvAKFYaARvCLALEYLHskDITYRDLKPENILLDKNGHIKiTDFGE 231
Sch®  RFseDrAKFYIAELVLALEhLHDNDIvYrDLKPENILLDaNGnialcDFGL 559

Riml5 ~{ 210} - GTPDYLAPEtIeGngdNKqCDWWSvGCifFElLlGYPPFhAE 1190

Cekl -{ 124} - GTPDYIAPEVILGHPGi.KasDWWSLGCVVFEfoGYPPFnAE 898
Tpkl -{ 12} - GTPDYIAPEVvstKP.YNKsiDWWSfGiLiyEMLaGYtPFyds 284
Sch¢ -{ 13} - GTteYLAPEllLdetGYthvaWSLGVLiFEMccGwsPFfAE 614
Riml$5 TPDaVFkKILsGVIqWPeFkNEeEeRethpEAKDLIekLLVVDPAkRLG. 1240
Cekl TPDQVFQOnILarrInWPa. . ... EvftaeSsvAIDLIJRLLCmNPANRLG. 944
Tpkl NtmKtYeKILnaelrFPpFEfNE......... dvKDL1sRLitRD1sgRLGn 325
Sch9 NngKmYQOKIafGkvkEP........ RAvLSqEgrsfvkgLLnRNPKhRLG. 556

Riml5 .A.kquEIKdHPyFKanWthy..dEE.‘asFVPtIanE.DTdYFDlR 1285
Cekl .A.NGVEEIKAHPFFKSVHWDtiL..eEd..PPFVPkpfSPE.DTvYFDsR 289
Tpkl lq.NGtEdenHPwFKerWEkLLsrniE..thePpIqnggDTSqFDky 375
Sch9 ,AiddgrEerHPFFadidwEaLk..qkkipPPFkPhleet,DTS ..... 699

Figure 2: Sequence comparison of the catalytic domains of S. cerevisige Riml5, S.
pombe Cek1, §. cerevisiae Tpkl and S. cerevisige Sch9. Tpkl (Toda et al., 1987b) and
the highly homologous Sch9 (Toda et al., 1988) are members of the subfamily of cAMP-
dependent protein kinases in S. cerevisize. Amino acids which are the same between at
least two of the four sequences are shown in capital letters, those which are the same in at
least three of the four sequences are shown in bold capital letters. Dots indicate gaps
inserted to maximize sequence alignment. In brackets are the numbers of amino acids
inserted at this site.

Gene disruption of RIM15

In order to examine the effect of loss of RIM15, a one-step gene disruption in the
haploid RH144-3A wild-type background was carried out (see Material and Methods,
Figure 2). Two clones (#2, #10) growing in the absence of uracil were picked and the
integration of the 2.3 kb Clal-Clal fragment containing [/RA3 inserted into the kinase
domain of the RIMI15 locus was confirmed by Southern blot analysis (Figure 3). Both
clones analyzed carried the RIM15 disruption. For ali following experiments clone #2
was chosen and designated AR3. Since the disruption mutant was viable it could be con-
cluded that RIMI5 is not essential.
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Figure 3: Southern blot of yeast genomic DNA. The DNA was digested with Clal and
analyzed by Southern blotting using the internal 0.9 kb Clal-Clal fragment of RIM15 as
probe. Lane 1: RH144-3A (wild type); lane 2: AR3, clone #2; lane 3: AR3, clone #10.
Molecular weights, determined using A HindIIl as marker, are indicated on the right.
AR3, clone #2 was used for all following experiments.

Effects of RIM15 disruption

A strain with a disrupted RIM15 does not display a phenotype during logarithmic growth
phase

The RIMI5 disruption strain AR3 was examined during exponential growth and its
phenotype compared with the phenotype of the corresponding wild-type strain RH144-
3A. Initially, cells were checked for their ability to grow on different carbon sources
(Table 2). Cultures were grown on SD media supplemented with either glucose, fructose,
sucrose, maltose, galactose, or glycerol, and the appropriate amino acid requirements.
The disruption strain grew on the same carbon sources as the wild-type strain with similar
growth rates. In general both strains grew better on rapidly fermentable carbon sources
such as glucose, fructose and sucrose and less well on maltose, galactose or glycerol.
The latter three carbon sources had to be supplemented with a small amount of glucose
(0.5% [w/v]) in order to initiate growth. No morphological differences were found dur-
ing exponential phase between the rimi5::URA3 strain and the wild type when cells were

examined under the microscope.
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Table 2: Growth rates on different carbon sources

Glucose  Fructose Sucrose  Maltose  Galactose Glycerol

RIMI1S 0.233 0.229 0.240 0.182 0.180 0.178
riml5::URA3 0.233 0.215 0.239 0.172 0.182 0.174

Growth rates were determined during exponential growth on SD medium containing
either 2% (w/v) (glucose, fructose, sucrose, maltose, galactose) or 3% (w/v) (glycerol)
of carbon source. In the case of maltose, galactose and glycerol 0.5% (w/v) of glucose
were added to the media in order to initialize growth. The numbers represent the slopes of
the semi-logarithmic growth curves (h-1).

Because RIM15 had been found as an interactor of TPS/ in the two-hybrid system,
its possible role in trehalose metabolism was investigated. The activities of the trehalose
synthesizing enzymes Tre6P synthase and Tre6P phosphatase and of the trehalose hy-
drolyzing enzyme neutral trehalase were assayed in log-phase and during heat shock (1 h
at 42°C), as well as the amounts of trehalose accumulated under these conditions. The re-
sults are summarized in Table 3. Both strains, wild type and riml5-mutant, did not differ
significantly from each other regarding the parameters tested, even though the
riml5::URA3 strain showed somewhat lower Tre6P synthase activities and trehalose
content during heat shock in most experiments. In parallel with the enzyme activities and
trehalose levels, thermotolerance, that is the ability to survive a challenging heat shock,
was tested. Strains were incubated at 51°C for 8 min, either after growth at 27°C or fol-
lowing the 1-h preconditioning heat shock at 42°C. Both wild type and rimI5-mutant
survived equally well. The cells not subjected to the preconditioning treatment were very
heat sensitive in both strains, while 50% of the preconditioned cells of both strains sur-
vived the challenging heat shock (Table 3).

Trehalase activity was also studied in a temperature shift experiment. It had been
shown that the trehalose-degrading enzyme neutral trehalase is rapidly activated in
cultures that are shifted from 40°C to 27°C (De Virgilio ef al., 1991a). When this exper-
iment was performed with strains RH144-3A and AR3, the induction levels were similar
in both strains (Table 3). As has been described in the Introduction, this activation of tre-
halase is mediated by phosphorylation in a cAMP-dependent manner, probably by cAPK,
the key enzyme of the Ras/cCAMP pathway. The fact that the activation pattern was the
same for both strains, would suggest that Rim15 is not part of the signaling chain leading
to trehalase activation after temperature downshift.

As part of the study of the role of Rim15 it was also determined whether the ex-

pression levels of RIM15 were induced in wild-type cells as a response to different forms
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of physiological stress, such as heat shock, osmotic shock, methanol stress and oxidative
stress. This seemed interesting because the ability to survive certain forms of physiologi-
cal stress has often been correlated with the ability to accumulate trehalose and because
Rim15, as a protein kinase and as an interactor of Tps1 in the two-hybrid system, could
be important for the regulation of trehalose synthesis under stress conditions.

Table 3: Phenorype of 1im15::URA3 during log-phase and hear shock!

RIMI15 rimi15::URA3

Log-phase Heat shock? Log-phase Heat shock?
Enzymes and metabolites
Tre6P synthase3 0.231 £ 0.160 2.011 £ 0.477 0.182 £ 0.174 1.904 % 0.545
Tre6P phosphatase3 0.059 £ 0.024 0.158 £ 0.050 0.049 + 0.010 0.108 + 0.025
Trehalase? 0.190 £ 0.085 0.170 £ 0.010 0.190 £ 0.099 0.157 £ 0.049
Trehalose? 0.038 £ 0.033 0.260 * 0.051 0.037 £ 0.035 0.226 + 0.084
Thermotolerance’ 0.002 £ 0.002 51.17 + 16.06 0.002 + 0.002 46.58 £ 12.34

Strains used were RH144-3A (RIM15) and AR3 (riml15::URA3). Results shown are
the mean + standard deviation of at least three experiments.

Exponentially growing cultures were heat shocked for 1 h at 42°C.

Enzyme activities are given in pkat/g protein.

Trehalose concentration is given in g/g protein.

Thermotolerance was determined as the percentage of survival after subjecting the cells
to an 8 min challenging heat shock at 51°C, either without (log-phase) or with (heat
shock) preconditioning for 1 h at 42°C.

WA W N

RNA was prepared from cells subjected to these stress treatments and used in
Northern blot analysis. The blots were hybridized with either a RIM15 probe or a TPS2
probe as a control (Figure 4). TPS2 was used as a control because its expression has
been shown to be induced during heat and methanol stress (De Virgilio et al., 1993;
Vahlensieck, 1996). As can been seen from the autoradiograms in Figure 6, TPS2 was
Jowly expressed during log-phase. However, it became strongly and transiently induced
during heat shock, and, albeit to a lower extent, also during the other stress conditions
used. This is in agreement with earlier results of De Virgilio er al. (1993) who had
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demonstrated that Tps2 is a heat-shock protein. The induction due to methanol stress was
extremely rapid and can already be seen in the time zero sample that was taken immedi-
ately after addition of the agent. The time needed for sample preparation was sufficient to
lead to a much stronger signal than in all the other treatments at time zero. In order to cir-
cumvent this problem the time zero sample should generally be taken before the stress
condition is imposed. The signal in cells treated with oxidative stress was rather weak in
general. Most probably this was due to a rapid loss of viability during the stress treat-
ment. When survival was tested by plating the cells at the end of the experiment on YPD
agar and counting colonies after two days (100% = non-stressed cells), only about 50%
of the cells stressed with Hy0; had survived, compared with 80% of the methanol
stressed cells and 100% of the osmotic shock and heat shock treated cells. From the blots
probed with RIM15 it can be concluded that RIM15 is constitutively expressed during
log-phase and that its expression does not increase due to any of the stress conditions
tested.

RIMI15 TPS2
Time(min) O 5 10 20 40 60 0 5 10 20 40 60
HS T RS e D e Bt Kyl %\yg;,%‘ pr—
0S R feen Sl Se esih died " R M e
MS I* E Rt R v W el won dbeeelt B Weoot Ol w
0XS ’ _

Figure 4: Effect of different stress treatments on the expression levels of RIMI5 and
TPS2. Total RNA was prepared from log-phase cells grown at 27°C on full medium and
subjected to different stress treatments. Samples were taken at the times indicated. The
blots were hybridized with either a RIM15 or a TPS2 DNA probe. The stress conditions
used were (i) heat shock (HS): shifting cells from 27°C to 42°C, (ii) osmotic shock (OS):
0.3 M NaCl, (iii) methanol stress (MS): 10% (v/v) methanol, and (iv) oxidative stress
(0OXS): 0.3 mM H,0,.

Summarizing the results obtained with log-phase cultures it can be concluded that
the deletion of RIM15 does not lead to any obvious phenotype neither in exponentially
growing nor in cells subjected to physiological stress while growing on glucose.



CHAPTER H 81

Effects of disruption of RIM1S5 in stationary phase include defects in the accumulation of
trehalose and glycogen and starvation sensitivity

While disruption of RIM15 had no detectable consequences in exponential phase,
the same cells showed a distinct phenotype in stationary phase. First, examination under
the microscope revealed that the cells of the disruption strain AR3 were somewhat smaller
and often had buds even in stationary phase. However, cell number (counting budded
cells as one rather than as two cells), dry weight and protein content of the two strains
compared were the same (Table 4). The enzyme activities of Tre6P synthase, Tre6P

Table 4: Phenotype of 1im15::URA3 in stationary phasel

RIM15 rim15::URA3
Growth
Cell number (cells/ml) 1.44%108 + 1.25%107 1.38%108 £ 9.54%106
Dry weight (mg/ml) 3.07 £0.03 2.7 £0.00
Protein content (mg/ml) 0.777 £ 0.038 0.780 £ 0.074
Enzymes
Tre6P synthase (ukat/g protein) 0.889 + 0.042 0.905 £ 0.046
Tre6P phosphatase (ukat/g protein) 0.131 £ 0.018 0.157 + 0.023
Trehalase (pkat/g protein) 0.064 £+ 0.018 0.082 + 0.024
Metabolites
Trehalose (g/g protein) 0.259 + 0.011 0.067 £ 0.001
Glycogen (g/g protein) 0.077 £ 0.001 0.030 + 0.021
Survival (%)? 108.6 £ 10.3 33+08

1 Cells were grown to stationary phase on SD medium containing 1% (w/v) of glucose.
If not stated otherwise samples were taken after 3 d. Strains used were RH144-3A
(RIM15) and AR3 (rim15::URA3). Results shown are the mean £ standard deviation
of at least three experiments.

2 Percentage of survival after 6 d. Cells were plated on YPD agar and colonies counted
after incubation at 27°C for 3 d. The number of colonies was compared to the total
number of cells counted in the culture.
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phosphatase and trehalase again showed no significant differences between wild-type and
mutant strain. Remarkably, the riml5.::URA3 strain only accumulated about 25% of the
amount of trehalose the wild type did (0.067 g/g protein in the mutant, compared with
0.259 g/g protein in the wild type). The other carbohydrate besides trehalose that is found
in considerable amounts in stationary yeast cells is the storage carbohydrate glycogen.
The determination of glycogen content in the mutant and the wild type showed that loss of
RIM15 also has an effect on the glycogen level. The mutant contained about 60% less
glycogen (0.030 g/g protein) than the wild-type strain (0.077 g/g protein).

Because riml5::URA3 cells took notably longer to enter exponential phase than the
wild type, but then grew with the same growth rate (see Table 5), it was tested whether
loss of RIM 15 had any effect on the survival of the cells. Stationary cultures (6 d) of
RH144-3A and AR3 were appropriately diluted and plated onto YPD agar. The number
of cells/m] was counted with a hematocytometer (=100%). After 3 d the colonies formed
on the agar plates were counted and compared with the number of cells in the cultures.
While 100% of the wild-type cells survived, only 3.3% of the mutant cells did.

It can be concluded that disruption of RIM15 not only leads to defects in the accu-
mulation of trehalose and glycogen in stationary phase, but also renders the cells very
sensitive to starvation.

Deletion of RIM1S5

At this point in the project the question arose whether a disruption of RIM15 was
really sufficient to study the role of its gene product Rim15. It could have been possible
that the fairly large parts of the putative protein kinase outside of the immediate kinase
domains (see Material and Methods, Figure 2) had some additional functions that would
not have been affected by the disruption. Therefore, it was decided that a complete dele-
tion of RIM15 would be made in another wild-type background. The diploid wild-type
strain YEF473 was chosen for this purpose because it had a range of suitable auxotrophic
markers available (see Material and Methods, Table 1).

A one-step PCR-based gene deletion method was used to replace the complete
RIM15 ORF by the kanMX2 marker, coding for geneticin resistance (see Material and
Methods, Figure 3A). The 1.56 kb PCR-derived deletion fragment was used to transform
the diploid wild-type strain YEF73. Transformants were selected by their ability to grow
in the presence of geneticin and checked by PCR for the correct integration of the marker
at the RIM15 locus (see Material and Methods, Figure 3B). One resulting correct trans-
formant (AR1) was sporulated, and tetrad dissection was carried out. The RIMI5 deletion
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Figure 5: Control of RIM15 deletion. A. Southern blot of yeast genomic DNA. The
DNA was digested with Xhol and hybridized with a radiolabeled 0.52 kb fragment of
RIMI5 as probe. The expected fragment size for the wild-type gene was 5.5 kb (see also
Figure 3, Material and Methods). M: 1-kb DNA-marker (corresponding molecular
weights are indicated to the left in kb); lane 1: AR1-1A (RIM15); lane 2: AR1-1B
(rim154); lane 3: AR1-1C (riml154); lane 4: AR1-1D (RIM15); lane 5: AR2
(rim154/rim154); lane 6: YEF473 (RIM15/RIM15). B. PCR control. Genomic DNA
was prepared and amplified by PCR as described in Material and Methods. The expected
fragment size for wild-type RIM15 was 1.37 kb, for rim154 0.95 kb. M: 100 bp-ladder
DNA-marker (corresponding molecular weights are indicated to the left in kb); lane 1:
ARI1-1A (RIM15); lane 2: AR1-1B (rim154); lane 3: AR1-1C (rim154); lane 4: AR1-1D
(RIM15); lane 5: AR2 (rim154/rim15A); lane 6: YEF473 (RIM15/RIM15); lane 7: AR1
(RIM15/rim154).

was shown to segregate 2:2 as judged by the geneticin resistance of the resulting
colonies. The size of wild-type and rim154 colonies did not differ significantly. Two ge-
neticin-resistant segregants (AR1-1B, AR1-1C) were mated, resulting in a homozygous
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diploid riml54 strain (AR2). Deletion of RIM15 was confirmed in all strains by Southern
blot analysis and/or PCR (Figure 5). These results indicate that RIM15 is neither essential
for germination nor for growth. As the heterozygous strain AR1 behaved like the wild
type (see below) it could also be concluded that RIM15 is recessive.

Effects of RIM15 deletion

Growth of tim15A cells on different carbon sources

The effect of the deletion of RIM15 upon the ability of cells to grow on different
carbon sources was examined. In a first step all seven relevant strains, the diploid wild
type YEFA473, the two haploid wild-type segregants AR1-1A and AR1-1D, the heterozy-
gous diploid strain AR1, the homozygous diploid riml54 strain AR2 and the two haploid
riml154 segregants AR1-1B and AR1-1C were streaked out on solid SD media containing
either glucose, fructose, galactose, glycerol, or ethanol as carbon source and incubated at
either 27°C or 37°C. All strains grew well on glucose, fructose, galactose and ethanol at
both temperatures. The only difference was the somewhat surprising observation that at
27°C the wild-type strains YEF473, AR1-1A and AR1-1D, and the heterozygous strain
AR1 grew very slowly on glycerol while the riml54 strains grew better.

In a second experiment protein content and trehalose accumulation upon growth to
stationary phase on media containing different carbon sources were determined (Table 5)
for both the diploid wild-type strain YEF473 and the diploid rim154 strain AR2. The
wild type accumulated most on glycerol (0.312 g trehalose /g protein) where hardly any
growth was observed. It should be noted that these experiments were done on full YP
media and not on SD media, therefore some of this growth can be attributed to the yeast
extract used. Overall trehalose accumulation was higher on those carbon sources where
little growth was observed. Deletion of RIMI5 resulted in low trehalose accumulation on
all carbon sources tested. The exact factor of reduction in comparison with the wild type
depended upon the carbon source used. When cells were grown on galactose they con-
tained significantly more trehalose than on the other carbon sources tested (0.089 g/g
protein on galactose, 0.034 g/g protein on glucose or fructose), making the 'low-tre-
halose-phenotype' of a riml54 strain somewhat less severe. This is important to note
since galactose-containing medium was later used to induce expression of various
constructs from plasmids containing a GALI promoter (see Chapter III of this thesis).
The riml5A4 strain accumulated between 60% (on galactose) to 87% (on maltose) less tre-
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halose than the wild type. On average the reduction in trehalose accumulation in the mu-

tant was about 80% compared with the wild type.

Table 5: Protein content and trehalose accumulation on different carbon sources

RIMI15/RIMI15 rim15A/rim15A
Carbon source  Protein Trehalose Protein Trehalose

(mg/ml) (g/g protein) (mg/ml) (g/g protein)
Glucose 1.129 £0.051 0.162 £ 0.014 1.237+£0.045 0.034 £0.019
Fructose 1.076 £ 0.048  0.189 + 0.011 1.218 £ 0.015  0.034 + 0.002
Sucrose 1.055 £0.021  0.131 +0.007 1.068 £0.013  0.024 £ 0.004
Raffinose 0.587 £0.013 0.284 £0.007 0.564 £0.004 0.046 * 0.006
Maltose 0.238 £0.015 0.156£0.012 0250+ 0.007 0.021 £0.012
Galactose 0.382+£0.003 0.222 £0.010 0.369+0.006 0.089 + 0.012
Galactose/
raffinose 1.184 £ 0.048  0.264 £ 0.025 1.196 £0.023  0.041 + 0.005
Glycerol 0.399 +0.008 0.312+0.020 0.696 £0.029  0.052 + 0.003
Ethanol 0.776 £ 0.029  0.183 £ 0.021 0.622 £ 0.028  0.070 + 0.003

Strains used were YEF473 (RIM15/RIM15) and AR2 (rimlI5A/riml54). Cells were
grown for 5 d on YP media containing the carbon source indicated in the table (1% [w/v]
glucose, fructose, sucrose, raffinose, maltose, galactose; 1.5% [v/v] glycerol, ethanol;
0.5%/1% [w/v] galactose/raffinose). Protein content was measured as an indicator for the
ability of the strains to grow on that particular carbon source. The results presented are
the mean % standard deviation of samples taken from three different cultures.

Cells deleted for RIM15 are impaired in proper stationary phase entry

The two-hybrid analysis initially suggested that Rim15 may interact with the Tre6P
synthase (Tpsl) and first experiments with the riml5 disruption strain showed that a
strain compromised for RIM15 did not accumulate wild-type levels of trehalose in sta-
tionary phase. The rimi54 strain AR2 was accordingly assayed for its ability to synthe-
size trehalose under different conditions. While it accumulated wild-type levels of tre-
halose during a 1-h heat shock at 42°C (0.345 + 0.033 g/g protein vs. 0.377 £0.009 g/g
protein in the wild type), it accumulated much lower amounts of trehalose in stationary
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phase than the wild-type strain (Table 6). This defect in trehalose accumulation could be
complemented by expressing the full length RIM15 under its own promoter. As can be
seen in Table 7, expression of YCplac33-RIM15 (received from Guido Vogel) in AR2 led
to normal accumulation of trehalose in stationary phase (0.238 g/g protein) when com-
pared with the wild type containing the control plasmid (0.260 g/g protein). It can also be
seen that the expression of an extra copy of RIMI5 in the wild-type background did not
Jead to an increase in the amount of trehalose accumulation (0.243 g/g protein compared
with 0.260 g/g protein in the wild-type control). Since reintroduction of RIM15 can
complement the low-trehalose phenotype of the riml54 strain observed in stationary
phase it can be concluded that the reduced trehalose accumulation in the rim/54 strain is
indeed due to the loss of RIMI5.

Table 6: Effects of RIM15 deletion

RIMI15/RIM151 rim15A/rim154!

LOG STAT LOG STAT
Enzymes and metabolites
Tre6P synthase (pkat/g protein) 0.33 1.32 0.37 1.17
Trehalase (ukat/g protein) 0.09 0.17 0.05 0.16
Invertase (ukat/g protein) 2.00 12.93 1.93 12.06
SSA3-lacZ induction? (Miller units) 4.3 105.2 2.4 16.3
Trehalose (g/g protein) <0.001 0.199 <0.001 0.009
Glycogen (mg/g protein) 1.63 38.53 0.93 11.36
Thermotolerance (% survival) 0.13 35.6 0.07 0.03

1 Wild-type and riml54/riml5A strains were YEF473 and AR2, respectively. All experi-
ments were carried out on YPD (2% [w/v] glucose for log, 1% [w/v] glucose for
stationary cultures) medium using either log phase (LOG) or 4 d old stationary phase
(STAT) cells, except where stated otherwise. Values represent means of at least three
independent experiments; SDs were in each case < 10% of the corresponding means.
B-Galactosidase activities were measured to monitor the induction of an SSA3-lacZ
fusion gene (from plasmid pWB204A-236).

Thermotolerance was measured as the percent survival following a heat shock for 8
min at 50°C (log phase cells) or 20 min (stationary phase cells) at 53°C.

[
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Determining the in vitro activities of the two key enzymes of trehalose accumula-
tion, Tre6P synthase and neutral trehalase however, revealed no significant difference
between wild-type and rimI54 strain, neither in stationary nor in log phase (Table 6).
Considering that in stationary phase the riml54 strain contained considerably lower levels
of trehalose than the wild type, it must be assumed that the in vitro activities of Tre6P
synthase and/or trehalase at least for stationary phase cells do not correctly reflect the in
vivo situation. Especially in the case of trehalase this seems very likely, since the activi-
ties determined in vitro are rather high in both strains, despite the fact that the wild-type
contained high amounts of trehalose.

Table 7: Expression of RIM15 complements the 'low-trehalose-phenotype’ of a rim15A

strain

Plasmids
Strains Relevant genotype YCplac33 YCplac33-RIMI15
YEF473 RIMI15/RIM15 0.260 + 0.007 0.243 + 0.041
AR2 riml5A/rimi5A 0.044 * 0.009 0.238 = 0.008

Strains were transformed with the single copy plasmid YCplac33, either containing a full
length RIM15 under its own promoter (YCplac33-RIM15) or no insert (YCplac33) (see
also Material and Methods). Trehalose content (g/g protein) was determined in stationary
phase after growth for 3 d on SD media containing 0.5% (w/v) glucose. The resuits
shown are the mean + standard deviation of three single transformants each.

Since the effects of riml54 seemed to manifest themselves only in stationary phase,
a number of other phenotypic traits characteristic of stationary phase cells (for a review
see Werner-Washbume ef al., 1993; Werner-Washburne ef al., 1996) were examined.
Cells entering stationary phase accumulate trehalose and glycogen, acquire thermotoler-
ance and induce a number of genes e.g. SSA3, HSP12, HSP26, UBI4, and ADH2 (see
also below). Depletion of glucose also leads to the transcriptional activation of a number
of enzymes, such as the sucrose hydrolyzing enzyme invertase.

Glucose derepression occurred normally in a rim154 strain, the activity of invertase
under glucose repressed (log-phase) and derepressed (stationary phase) conditions did
not differ between the riml54 cells and the wild type (Table 6). However, it was found
that loss of RIM15 impaired cells in their ability to accumulate wild-type levels of glyco-
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gen (reduced by 70%), to induce SSA3 expression (reduced by 85%; measured by in-
duction of an SSA3-lacZ fusion gene) and to acquire thermotolerance (reduced by 99%)
(Table 6). Taken together, these results imply that Rim15 is required for the induction of
a number of physiological adaptations characteristic of stationary cells and consequently
indispensable for proper stationary phase entry.

Stationary rim15A cells are capable of inducing trehalose synthesis upon heat shock

One striking effect of a RIM 15 deletion was the lack of trehalose accumulation in
stationary phase. Even though the Tre6P synthase activities determined in vitro were al-
most the same for wild-type (1.32 pkat/g protein) and riml54 strain (1.17 pkat/g pro-
tein), the latter did not contain wild-type levels of trehalose. The obvious question arising
from this observation was whether the riml54 strain was generally unable to activate its
Tre6P synthase in stationary phase in vivo. In order to resolve this question, it was at-
tempted to determine whether the enzymes for trehalose synthesis could be activated by
heat shock in stationary phase cells so that trehalose accumulation would be induced and
if so,whether protein synthesis was necessary.

Stationary cells of YEF473 and AR2 were subjected to a series of different treat-
ments followed by a heat shock at 42°C (Table 8). It is known that in wild-type cells a
heat shock induces synthesis of trehalose in the presence of glucose in the medium. The
treatments chosen were (i) heat shock, (ii) addition of glucose to a final concentration of
2% (w/v) followed by a heat shock, (iii) addition of glucose in the presence of the trans-
lation inhibitor cycloheximide (50 pg/ml) followed by a heat shock, or (vi) addition of
cycloheximide followed by a heat shock. Without the addition of glucose heat shock did
not cause an increase in trehalose levels in either wild-type or riml5A strain. However,
when glucose was added to the cultures prior to heat shock, both strains were able to
accumulate large amounts of trehalose (0.385 g/g protein in the wild type, 0.314 g/g
protein in the rimI5A strain). This accumulation was not dependent upon protein
synthesis, since the presence of cycloheximide had no effect on the amount of trehalose
synthesized during the heat shock (0.368 g/g protein in the wild type, 0.341 g/g protein
in the rim15A strain).

These results can be interpreted in such a way that deletion of RIM15 causes no
general inability to synthesize trehalose in vivo. While the enzymes are present in the cells
and trehalose synthesis is triggered by heat shock this trigger seems to be lacking when
riml5A cells are grown to stationary phase. This makes it likely that the phenotypes ob-
served in the riml54 strain including defects in trehalose synthesis, in the induction of
SSA3 expression, and in the acquisition of thermotolerance are due to an interruption of
the signal transduction chain that induces cells to enter stationary phase.
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Table 8: Trehalose content in stationary phase cells of wild-type and riml5A strains
subjected to a heat shock

RIM151 riml542
Treatments
Control3 0.143 £ 0.053 0.005 % 0.006
Heat shock4 0.115 £ 0.015 0.010 £ 0.013
Glucose/ heat shock® 0.385 £ 0.037 0.314 £ 0.058
Glucose/ cycloheximide/ heat shock® 0.368 £ 0.050 0.341 £ 0.085
Cycloheximide/ heat shock” 0.124 £ 0.037 0.022 £ 0.035

Strains used were AR1, AR1-1A and AR1-1D.

2 Strains used were AR2, AR1-1B and AR1-1C.

3 Cells grown to stationary phase (3 d) on YPD containing 1% (w/v) glucose. For the
different treatments 3 ml aliquots were taken from these stationary cultures.

4 Cells were subjected to heat shock at 42°C for 1 h.

Glucose was added to a final concentration of 2% (w/v), and cells then subjected to

heat shock for 1 h at 42°C.

6 Glucose was added to a final concentration of 2% (w/v) together with 50 pg/ml

cycloheximide, and cells then subjected to heat shock for 1 h at 42°C.

Cycloheximide was added to a final concentration of 50 ytg/ml, and cells then subjected

to heat shock for 1 h at 42°C.

w
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Effects of RIM15 deletion during carbon or nitrogen starvation

Because all the data accumulated up to this point indicated an important role of
Rim15 for entry into stationary phase and most likely also in nutrient signaling, it seemed
important to take a closer look at the response of the riml5A/rim154 (AR2) mutant to nu-
trient starvation in comparison with the wild type (YEF473). Two different conditions
were chosen, one where carbon, the other where nitrogen was the limiting factor.

For the induction of carbon starvation, cells were grown on full medium containing
1% (w/v) glucose. Between 0 d to 20 d samples were taken at the times indicated in Fig-
ure 6. At each of the time points, trehalose content (Figure 6A), the percentage of budded
cells (Figure 6B) and the survival rate (Figure 6C) were determined. As shown before,
trehalose accumulation in the riml54 strain was low (0.013 g/g protein) when compared
with the wild-type strain (0.134 g/g protein). The trehalose accumulation in the wild type
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Figure 6: Effects induced by carbon starvation. Strains YEF473 (RIM15/RIM15; closed
squares) and AR2 (rim]54/rim154; open squares) were grown on full YP medium with
1% (w/v) glucose and samples were taken at the times indicated in the figure. Parameters
determined were: A. accumulation of trehalose; B. percentage of budded cells; C.
survival of cells.

peaked after 6 d and then started to decrease but never reached levels as low as the
rim15A strain during the course of the experiment. Upon growth to stationary phase cells
leave the cell cycle and enter a resting stage called Go. At this stage, the cells of a culture
are predominantly unbudded, so that the number of budded cells can be taken as an indi-
cator for whether cells have entered Gg or not. The percentage of budded cells after 2 d
was the same in wild type and riml54 mutant (66%), but while this number decreased to
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eventually 15% in the wild-type strain, it remained around 40% in the mutant. In addition
to counting the number of budded cells, it was also recoreded whether budded cells were
before, during or after mitosis. This classification was achieved by staining the DNA with
propidium iodide and then counting budded cells with one nucleus as before nuclear di-
vision, with two nuclei as after nuclear division, and budded cells with one dividing nu-
cleus as during nuclear division. From 6 d on more than 90% of the budded wild-type
cells were in the stage after nuclear division, in the rim/54 mutant however, 50% of the
budded cells were still before or during nuclear division. This again suggests that deletion
of RIM15 negatively influences proper Go entry. For the graph in Figure 6B only those
cells that were before or during mitosis were counted as true budded cells. This graph
shows that the number of budded cells in the wild type decreased upon entry into station-
ary phase, reaching around 33% after 3 d and remained at about 1% for the rest of the ex-
periment. The number of budded cells before or during nuclear division in the rimI54
strain only decreased to about 25% during the first 6 d and then remained at this value
until the end of the time course. Since the number of cells did not increase anymore dur-
ing this period (data not shown) it can be concluded that cells carrying the RIM15 deletion
arrested randomly during the cell cycle instead of properly entering G like the wild type.
Sensitivity to carbon starvation was then determined by observing the percentage of sur-
vival of the two strains during the time course. The wild-type strain lost viability only to a
very limited extent (66% viability after 20 d). The rim15A4 strain however, had lost more
than 70% viability already after 10 d and this value continued to decrease continually until
it was 0.1% after 20 d. This observation strongly supports the conclusions drawn from
the determination of the number of budded cells that deletion of RIM15 renders cells un-
able to properly enter stationary phase.

The results obtained from the assessment of cell cycle phase as described above are
further supported by the results of a FACS analysis. FACS analysis or flow cytometry,
by use of a specifically DNA-binding dye (propidium iodide), allows the determination of
the DNA content and thereby of the cell cycle phase of individual cells. Typically the re-
sults are displayed in a diagram with the amount of DNA per cell on the x-axis and the
number of cells for each amount of DNA on the y-axis. Cells in G; form a peak and cells
in G3 and M phase combine to form another peak at twice the value since the DNA has
been replicated. Between these two peaks fall the cells with various amounts of DNA
beiween Gp and Gy, typical of the S phase. Cells in Go can not be separated from those
in G since they contain the same amount of DNA.

The same samples that were used to count the budded cells in the different phases
of the cell cycle were also used for flow cytometry. As can be seen in Figure 7A, wild-
type cells at 3 d are still about evenly distributed between Gy and Gy (postdiauxic phase),
from 6 d on however, only one peak appears that corresponds to cells in G1, meaning in
this case that cells have probably entered Go. Deletion of RIM15 clearly affects this entry
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into Gg (Figure 7B). The FACS results show two peaks until the end of the time course,
corresponding to cells in Gy and Gy. The rather high background fluorescence in both
strains is a problem often observed in stationary phase cells, especially if they were
grown on YPD (Stephen Helliwell, personal communication). The results of the flow

Figure 7: DNA content of cells growing to stationary phase on rich YP medium with
1% (w/v) glucose. The DNA content of diploid strains YEF473 (RIM15/RIM15) and
AR2 (rim154/rim154) was determined by flow cytometry after propidium iodide staining
as described in Material and Methods. Results are plotted as the relative number of events
(number of cells) on the vertical axis against fluorescence (DNA content) on the
horizontal axis. Cells in G1/Gg phase correspond to the left-hand, cells in G to the right-
hand peak. Graphs from front to back in both panels indicate samples taken after 2, 3, 6,
10, 13, 16, and 20 d of growth.
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cytometry analysis together with those of the microscopic examination of the state of the
nuclei before, during or after mitosis indicate that loss of RIM15 disturbs proper entry
into stationary phase and causes cells to arrest randomly at different points in the cell cy-
cle.
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Figure 8: Reactions of strains YEFA73 (RIM1 5/RIM15; closed squares) and AR2
(rim154/rim154; open squares) to nitrogen starvation. Cells were pregrown on SD
medium with 2% (w/v) glucose and the appropriate amino acids until mid-log phase and
then shifted to SD medium without nitrogen source and 4% (w/v) glucose to induce
nitrogen starvation. Samples were taken at the times indicated in the figure. A. Trehalose
accumulation; B. percentage of budded cells and C. survival of both strains were
determined.
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Nitrogen starvation was induced in YEF473 and AR?2 by shifting cells pregrown to
mid-log phase on SD medium containing 2% (w/v) of glucose to SD medium containing
4% (w/v) glucose and no nitrogen source. Again samples were taken during the course of
the experiment (16 d) at the times indicated in Figure 8. Trehalose content (Figure 8A),
number of budded cells (Figure 8B) and survival rate (Figure 8C) were determined. Tre-
halose accumulation was high in the wild type, reaching its peak after 2 d (1.109 g/g
protein) and then decreasing to about 0.5 g/g protein at 9 d. The overall trehalose accumu-
lation was much higher than the values measured during carbon starvation. Under nitro-
gen limitation the mutant contained less trehalose then the wild type but still accumulated
substantial amounts of the disaccharide. The number of budded cells initially decreased
similarly in both strains, but the rimI5A4 strain retained about 1.5% of budded cells
whereas this number in the wild type decreased to almost zero. Survival during nitrogen
starvation was also affected in the rim/34 strain. The wild type remained fully viable until
16 d, but the riml54 strain started to lose viability around 9 d, and after 16 d only 50% of
the cells survived.

The effect of the RIM15 deletion was differently severe depending upon the limiting
factor forcing cells to enter stationary phase. Overall, nitrogen and carbon starvation
caused a similar phenotype with respect to trehalose accumulation, number of budded
cells, and loss of viability. However, this phenotype manifested itself less strongly if
cells were grown under nitrogen limiting conditions.

Loss of RIM15 abolishes derepression of genes normally induced during diauxic shift

Diagnostic for the pleiotropic phenotype caused by the deletion of RIMI5 is the dis-
ability of the cells to respond to nutrient limitation by properly entering Go. This can be
interpreted in such a way that Rim15 acts as a component of a nutritional signal transduc-
tion pathway.

To further analyze this possibility, the transcription pattern of a number of genes
including SSA3, HSP12, HSP26, UBI4 and ADH?2 was studied in wild-type (YEF473)
and riml54 (AR2) cells. Expression of these genes is known to become induced during
or shortly after the diauxic shift (reviewed in Werner-Washburne et al., 1989). Tran-
scription levels were therefore compared in cells growing on rich, glucose based medium
from exponential phase through diauxic shift, postdiauxic phase and eventually to station-
ary phase. In the wild-type strain the pattern of transcription was as expected (Figure 9).
The rimi54 strain however was shown to be seriously defective for the transcriptional
derepression of SSA3, HSP12, and HSP26, but not for ADH2 and UBI4. This once
more implies that deletion of RIM15 interrupts transmission of a signal that eventually
leads to stationary phase adaptations.
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Figure 9: Northern blot analysis of gene expression in wild-type (YEF473) and rimi54
(AR2) cells during growth to stationary phase. Total RNA prepared from cells in
exponential phase (0.5 d), diauxic shift (1 d), postdiauxic phase (2-3 d), and stationary
phase (4-8 d) was probed with RIM15,SSA3, HSP12, HSP26, UBI4, S§B1 and
ADH2. Equal loading (10 pg/lane) and integrity of RNA was verified by ethidium
bromide staining (rRNA).

A closer look at the genes negatively affected in their expression levels by riml54
(SSA3, HSP12, and HSP26) reveals that all these genes are under negative control of
cAPK (Kurtz er al., 1986; Prackelt and Meacock, 1990; Boorstein and Craig, 1990b).
The two genes that did not remain repressed in the riml54 strain, UBI4 and ADH2 are
also under negative control of cAPK (Tanaka et al., 1988; Cherry et al., 1989), however,
they differ from the other genes studied in some ways. For UBI4 it has been shown that
its expression is correlated with low cAMP levels but unlike SSA3, HSP12, HSP26, and
ADH?2 it is already present during exponential growth and its transcription does not in-
crease as strongly at the diauxic shift (Tanaka et al., 1988). ADH2 expression was even
enhanced in a riml54 strain. In contrast to SSA3, HSP12, and HSP26, ADH?2 is known
to be regulated by the transcription factor Adrl, which in turn is phosphorylated and
thereby deactivated by cAPK (Cherry et al., 1989). This and the fact that SSA3 expres-
sion was normal in an adrl mutant make it likely that regulation of SSA3 and ADH2 oc-
curs in a different branch of the Ras/cAMP pathway (Werner-Washburne ef al., 1989).

The cold-inducible SSB! is known to be strongly repressed upon entry into station-
ary phase (Werner-Washburne ez al., 1989). Both, wild-type and rim154 strain displayed
normal repression of SSBI expression and no difference was detected between the two

strains.
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From the results of this experiment it can be deduced that Rim15 activity is required
in cells entering stationary phase in order to achieve transcriptional derepression or acti-
vation of SSA3, HSP12, and HSP26, genes known to be under negative control of
cAPK. 1t is therefore possible that Rim15 may consitute an element of the Ras/cAMP nu-
trient signaling pathway.

Deletion of RIM1S5 results in sporulation deficiency

The phenotype of rim154 suggests that Rim15 may be an element of a nutrient sig-
naling pathway. It has been shown that without functional RIMI5 cells are unable to in-
duce adaptations necessary for survival under starvation, consequently, they do not enter
stationary phase properly. It is known that limitation of different nutrients affects yeast
cells differently. The lack of a carbon source in the medium usually promotes stationary
phase entry. However, diploid cells lacking both a fermentable carbon source and nitro-
gen, enter meiosis and produce spores. Accordingly, if Rim15 is an element of a general
nutrient sensing pathway it could be expected that the deletion of RIMI5 in a diploid
strain would also affect its sporulation frequency.

Table 9: Sporulation frequency and trehalose content in sporulation cultures

Strain Relevant genotype Sporulation (%) Trehalose (g/g protein)
YEF473 RIM15/RIM15 31.1%53 0.475 + 0.041
AR2 rimlSArimi5A 0.6+0.5 0.176 + 0.032
AR1 RIM15/riml5A 25852 0.445 + 0.038

Strains were grown on YPD for 2 d at room temperature and then shifted to sporulation
media (1% K-acetate [w/v] plus 10 mg/ml of required amino acids). Asci were counted
after 6 d. From each culture at least 300 cells were counted. The trehalose content was
determined in the same cultures. The results shown are the mean + standard deviation of
six cultures per strain.

Sporulation was induced in the three diploid strains YEF473 (RIMI5/RIM15), AR1
(RIM15/rim154), and AR2 (rim154/rim154) by shifting them to sporulation medium and
incubating them for 6 d. After this time at least 300 cells were counted under the micro-
scope and the number of asci was determined (Table 9). At the same time the trehalose
content in the sporulation cultures was analyzed (Table 9). Sporulation frequency in the
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wild type was 31.1 £ 5.3% which was not significantly different from the sporulation
frequency of the heterozygous strain AR1 (25.8 £5.2%). Interestingly, the homozygous
riml54 mutant was defective for normal sporulation (0.6 = 0.5%). The trehalose contents
of sporulation cultures of YEF473 and AR1 were similar (0.475 £ 0.041 g/g protein and
0.44 + 0.038 g/g protein), while those of AR2 contained significantly less trehalose
(0.176 + 0.038 g/g protein). These results were confirmed by Vidan and Mitchell (1997)
who found a strong reduction of the ability to sporulate as one consequence of loss of
RIMI5. Thus, the RIM15 gene is required for sporulation and may therefore be a trans-
ducer of a general starvation signal in S. cerevisiae.

Deletion of RIM15 does not inhibit the transduction of a glucose signal

Addition of glucose to derepressed yeast cells triggers a rapid transient increase in
the cAMP-level. It was demonstrated that the Ras/cAMP pathway is involved in mediat-
ing this glucose-induced cAMP-signal (see Thevelein, 1991). As one of the consequences
of this signal, neutral trehalase becomes activated via cAPK-dependent phosphorylation,

Table 10: Induction of trehalase activity and trehalose hydrolysis in a wild-type and a
rim15A strain by a glucose signal

Time (min) RIMI15/RIM15 riml5Arimi5A

Trehalase (Jkat/g protein) 0 0.145 £ 0.035 0.146 + 0.024
30 0.355 £0.014 0.332 £ 0.018
Trehalase induction 2.170 £ 0.400 2.240 £ 0.280
Trehalose (g/g protein) 0 0.234 £ 0.058 0.012 + 0.002
30 0.191 £ 0.079 0.023 + 0.014

Strains used were YEF473 (RIM15/RIM15) and AR2 (riml54/rim154). Cells were
grown at 27°C to stationary phase (4 d) on YPD with 1% (w/v) glucose. At O min half of
each culture was harvested and resuspended in the same volume of fresh YPD with 2%
(w/v) glucose and incubated at 27°C (glucose signal), the other half was kept as a control
a1 27°C. At 0 min and after 30 min samples were taken and assayed for trehalase activity
and trehalose content. The induction of trehalase activity after the glucose signal was
calculated. The experiment was repeated three times, mean standard deviation of these
repeats are shown.
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and trehalose is degraded. The ability of riml54 cells to activate neutral trehalase after the
addition of glucose to a derepressed culture could therefore indicate whether loss of
RIM15 compromises signal transduction via the Ras/cAMP pathway.

Glucose was added to derepressed cultures of YEF473 (RIM15) and AR2
(rim1524), and the activity of neutral trehalase and the trehalose content was assayed at the
start of the experiment and after 30 min, controls were left without addition of glucose.
During the course of the experiment trehalase activity was equally induced in response to
the glucose added in both strains (Table 10). The activation of trehalase in vivo was
weakly reflected by hydrolysis of trehalose in the wild-type strain, where the trehalose
content decreased from 0.234 g/g protein to 0.191 g/g protein. The already low trehalose
level of the rimi5A strain remained unchanged. No changes in trehalase activity or
trehalose content were observed in the controls (data not shown). Earlier experiments
using the disruption mutant yielded the same results (data not shown). The fact that the
activation of trehalase in response to a cAMP signal is independent of RIM15 suggests
that if Rim15 has a function in the Ras/cAMP pathway it does not act upstream of cAPK.
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DISCUSSION

The RIM15 gene was identified in a two-hybrid screen as encoding an interactor of
Tpsl, the Tre6P synthase. Primary sequence analysis revealed that RIM15 codes for a
pew serine/threonine protein kinase with a catalytic domain that closely resembles the
cAPK catalytic domain of yeast (encoded by TPKI, TPK2, and TPK3). Unlike the
cAPK catalytic subunit, Rim15 has large amino- and carboxy-terminal regions that show
no homology to other S. cerevisiae proteins in the data base. These domains might be of a
regulatory function as it has been speculated for the Tpk-homolog Sch9 (Toda ez al.,
1988). In favor of this idea it was found that these regions as well as the large insert be-
tween kinase subdomains VII and VIII contain five consensus sites for phosphorylation
by cAPK (one of these sites is part of a consensus site for protein kinase C dependent
phosphorylation). Protein kinases in general are known to be important regulatory
proteins and key components of many signaling pathways in eukaryotic cells. They
activate or inactivate their substrates through the phosphorylation of serine, threonine or
tyrosine residues. Since one of the aims of this study was to isolate potential regulators of
trehalose synthesis and since regulation through phosphorylation-dephosphorylation
mechanisms had been proposed for this enzyme (see Introduction), it seemed highly
interesting to study this newly identified protein kinase gene in more detail and to assess
whether it could indeed play a role in trehalose synthesis. Therefore it was decided to
initiate the analysis of the two-hybrid interactors with the RIMI5 gene.

The significance of the other identified interactors with Tps1 or Tps2 remains to be
investigated. Apart from the known subunit of the Tre6P synthase/phosphatase complex,
Tsi1 (Vuorio ef al., 1993), none of the interactors has been described in detail in the lit-
erature. Both Tpsl-interactors YPL032C and YBRO61C show significant homologies to
known genes, YPLO32C to the S. cerevisiae PAMI gene and YBRO61C to the E. coli
ftsJ gene. The meaning of these homologies remains unclear since the function of PAM1
as well as of ftsJ has not been clarified. The last class of interactors, YHR202W, interact-
ing with Tps2, has no significant homology to any known gene in the EMBL data base. It
might be an interesting candidate to study since it also strongly interacted with other sub-
units of the Tre6P synthase/phosphatase complex, namely Tps1 and Tps3 and therefore
might be an effector of the whole enzyme complex.

In an attempt to estimate whether the degree of interaction determined by the two-
hybrid system parallels the degree of interaction detected by biochemical techniques, it
was found that these two, in vivo and in vitro measurements, were generally correlated
with one another (Estojak ef al., 1995). For the results of our study this means that one
could with caution assume that the two-hybrid interaction of Tps1 with Rim15 represents
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a rather low, of Tps1 with YPLO32C and YBRO61C an intermediate and of Tps2 with
Tsll and YHR202W a high affinity interaction.

Despite the fascinating identification of the RIM15 gene as potential regulator of
trehalose synthesis, a number of open questions in view of the original aim of the study
remain. Only one of the known subunits of the Tre6P synthase/phosphatase complex was
isolated from the library, even though they were shown to interact in a directed two-hy-
brid analysis (Reinders et al., 1997). This could be a general problem of the two-hybrid
assay, possibly resulting from the potentially altered tertiary structure of the proteins,
from low protein stability or low expression levels of any of the constructs (Fields and
Sternglanz, 1994) or could have its origin in the structure of the library used. The same
reasons may explain the failure to identify any proteins involved in the glycolytic path-
way, even though the pleiotropic phenotype resulting from zpsi 4 indicates that Tps1 has
in addition to its role in trehalose synthesis also a part in glycolysis (Thevelein and
Hohmann, 1995). Another explanation could also be that a direct interaction of Tps1 with
elements of the glycolytic pathway is not necessary for it to exert its presumed regulatory
task. Two of the proposed models for Tps1-dependent control of glycolytic flux, namely
the phosphate-recovery model and the hexokinase-inhibition model (see also Introduc-
tion, Chapter 1) assume regulation rather through activity of the enzyme than by physical
interaction with other proteins. As a general cautionary note it must also be kept in mind
that failing to detect an interaction between two given proteins in a two-hybrid analysis
does not necessarily reflect their lack of interaction under physiological circumstances
(Fields and Sternglanz, 1994). To avoid some of the pitfalls of a two-hybrid library
screen, future studies to address the proposed role of Tps1 as part of the glycolytic ma-
chinery should make use of directed two-hybrid analyses as it has been done for the sub-
units of the Tre6P synthase/phosphatase complex (Reinders et al., 1997).

The fact that RIM15 was identified as an interactor of Tps] and that it was found to
encode a protein kinase, made it very tempting to speculate that Tps1 could be a substrate
for Rim15-dependent phosphorylation. As described in the Introduction, regulation of
trehalose synthesis by phosphorylation/dephosphorylation of the Tre6P synthase had
been discussed but so far no conclusive evidence to support this theory had been pro-
vided (Panek et al., 1987; Vandercammen et al., 1989). One of the first steps to address
the speculation that Tps1 could be regulated by phosphorylation through Rim15 was the
study of the consequences of loss of Rim135 activity for the synthesis of trehalose. It was
found that cells without RIM15 only contained low levels of trehalose in stationary phase.
This result indirectly supports the idea of Rim15-dependent Tps1 regulation. The some-
what contradictory result that the in vitro activity of Tre6P synthase was found to be simi-
lar in wild-type and #im154 cells, despite their difference in trehalose accumulation, might
be explained by modifications of the Tre6P synthase during the sampling procedure (e.g.
proteolysis; Vicente-Soler et al., 1991; Vuorio et al., 1993). Due to the complex structure
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of the Tre6P synthase/phosphatase complex it has to be expected that the in vitro determi-
nation of Tre6P synthase activity not always reflects the in vivo situation. This problem
has already been encountered and discussed before (Reinders et al., 1997, see also Dis-
cussion in Chapter I of this thesis).

Remarkably, Rim15 was dispensable for trehalose accumulation in response to a
mild heat shock, even in stationary phase cells. Hence, it can be concluded (i) that rim/54
cells are not essentially incapable of synthesizing trehalose and (ii) that regulation of tre-
halose synthesis during stationary phase entry and during heat shock is mediated by dif-
ferent mechanisms. As to the first conclusion drawn, it has been discussed above that the
trehalose synthesizing enzymes are present in the riml54 cells and that they are active in
vitro. Therefore, loss of RIM15 does not prevent the synthesis of, nor does it result in ir-
reversibly inactivated Tre6P synthase. In fact, it can even be inferred that Riml5 is not
essential for trehalose synthesis per se. However, Rim15 seems to be essential for the
transmission of the signal triggering trehalose synthesis in cells entering stationary phase.
This speculation leads to the second conclusion drawn above and thereby back to the de-
bate about the regulatory mechanisms of trehalose synthesis. In the Introduction different
models suggested for the control of trehalose synthesis have been described. It had also
been implied that the mechanisms allowing trehalose accumulation in response to a mild
heat shock and upon stationary phase entry might not be identical. The results of this
study present further evidence for this assumption. It has clearly been shown that stress-
induced trehalose accumulation is regulated through a pathway independent of Rim15.
Even more, it can be deduced that regulation in stationary phase must contain a posttrans-
lational element, since in the case of the riml5A strain, the synthesizing enzymes were
present (as seen by their activities in vitro), however they were not active in vivo. Con-
sidering that the evidence for the interaction of Rim15 and Tps1 remains to be indirect at
present, it must be taken into account that the low trehalose level in stationary riml54
cells could also be explained by an increased activity of trehalase instead of decreased ac-
tivity of Tre6P synthase in vivo. This objection is supported by the observation that treha-
lase activities determined in vitro from stationary cells are rather high even in wild-type
cells, contrary to the fact that these contain high amounts of trehalose. It seems reasonable
to assume that in vifro and in vivo activities of trehalase in this case are not identical. The
exact explanation for the observations therefore remains to be discovered.

The general picture emerging from the physiological studies presented in this chap-
ter, makes it likely that Rim15 is part of a nutrient signaling pathway. Upon nutrient ex-
haustion, Rim15 is required for the induction of a number of physiological adaptations
associated with proper stationary phase entry. Consequently, loss of RIM15 leads to a
pleiotropic phenotype if cells are grown under carbon limiting conditions, including the
failure to accumulate trehalose and glycogen, to derepress or activate expression of
SSA3, HSPI2, and HSP26, to arrest in Gy and to acquire heat and starvation resistance.
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Moreover, diploid rim154/rim154 cells were impaired for sporulation. Most interest-
ingly, this phenotype of a rimI54 strain is, overall, reminiscent of phenotypes of muta-
tions in the Ras/cAMP pathway that cause unregulated activation of cAPK, such as bcyl
and RAS2vall9, Beyl is the regulatory subunit of the S. cerevisiae cAPK (Matsumoto et
al., 1982; Toda et al., 1987a). Cells lacking a functional BCYI gene display unbridled
cAPK activity that is totally unresponsive to cAMP. A similar phenotype is the conse-
quence of RAS2vall9, a dominant active allele of RAS? that leads to elevated cAMP levels
through enhanced adenylate cyclase activity and thereby to increased activity of cAPK
(Kataoka et al., 1984; Toda et al., 1985). Both these mutations cause low trehalose and
glycogen levels, low thermotolerance and a rapid loss of viability in stationary phase. In
diploid strains they also cause low sporulation efficiency which has prompted the sug-
gestion that the Ras/cAMP pathway and the pathway leading to the initiation of meiosis
could be linked (Matsuoka et al., 1983). All the phenotypical features described above
were also determined for riml154 strains. Moreover, deletion of RIM15 brought about a
defect in the induction of certain genes, namely SSA3, HSP12, and HSP26 which have
been shown to be under the negative control of cAPK. Taken together these results invite
to speculate that Rim15 might actually be involved in nutrient signaling through the
RAS/cAMP pathway.

It should be noted that riml54 cells also had some phenotypes distinct from cells
with an unregulated cAPK. Deletion of RIM15 neither resulted in a particular susceptibil-
ity to nitrogen starvation nor in impaired gluconeogenesis (as determined by the ability to
grow on gluconeogenic carbon sources and to induce ADH?2 and invertase), both of
which are usunally associated with high cAPK activity.

To sum up sequence analysis and extensive studies of the phenotype of cells with-
out functional Rim135, have provided evidence that Rim15 is part of a nutrient signaling
pathway, influencing the cell's decision to enter stationary phase. A number of highly in-
teresting questions arise in this context:

(i) Is Rim15 an element of the Ras/cAMP pathway and if so, at which point of the path-
way does it act ?

(ii) Does Rim15 have protein kinase activity and what are its substrates ?

(iii) How is Rim15 activity regulated ?

(iv) What is the relationship between Rim15 and Tpsl, and does Rim15 regulate trehalose
accumulation through the modulation of Tps1 activity ?

Answers to these questions will undoubtedly prove useful in providing a detailed picture
of the functions of Rim15 in both trehalose synthesis and nutrient signaling. Therefore,
Chapter Il is dedicated to experiments which aim to elucidate these questions.
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INTRODUCTION

Metabolism, proliferation, and development of microorganisms, are controlled by
the presence or absence of nutrients in the surrounding medium. In S. cerevisiae, one of
the most important extracellular signals is glucose. Addition of glucose to derepressed
cells triggers a variety of regulatory phenomena which involve several different signaling
pathways (for a review on nutrient signaling see Thevelein, 1994). Besides the main glu-
cose repression pathway, the Ras/cAMP pathway is the most intensively studied nutri-
tional signaling pathway. The Ras/cAMP pathway is important for regulation of growth,
cell cycle progression, and development in response to nutritional signals, via its central
enzyme cAPK. Mutations affecting the activity of cAPK result in a pleiotropic phenotype,
indicating the existence of many potential substrates for this kinase. Cells deficient for
cAPK activity arrest in G1, accumulate enhanced levels of glycogen and trehalose,
constitutively express a set of genes normally induced in stationary phase (e.g. SSA3,
HSP12, HSP26, CTTI, UBI4, and ADH?2), show enhanced stress resistance, and
undergo meiosis in rich medium (provided they are diploids). On the other hand, cells
with an overactive cAPK fail to arrest in G upon nutrient limitation, contain low levels of
glycogen and trehalose, remain sensitive to heat shock and nutrient starvation, are unable
to grow on non-fermentable carbon sources, and fail to sporulate. Based on these
observations it was suggested that the Ras/cAMP pathway is involved in regulating the
transition between mitotic growth and a distinct quiescent state, analogous to the G state
described for mammalian cells. Accordingly, low cAPK activity would trigger entry into
Gy, whereas high cAPK activity would prevent access to Gp, making cAPK a kind of
universal integrator of nutrient availability in S. cerevisiae (for reviews see Broach and
Deschenes, 1990; Thevelein, 1994).

The signal transduction pathway regulating the activity of cAPK in budding yeast
has been studied in detail. Initially, interest has been fueled by the discovery that this
pathway contains small G-proteins which are encoded by two genes, RAS] and RAS2
that are homologs of mammalian ras genes. ras genes, which are highly conserved
throughout all eukaryotic species, have an important role in the etiology of mammalian
cancer. In fact, they are a main type of oncogene found in naturally occurring and arti-
ficially induced mammalian tumors. Consequently, it was hoped that by defining the
function of RAS genes in yeast, a better understanding of mammalian ras genes and their
oncogenic alleles would be achieved. However, the initial euphoria has diminished since
it has been demonstrated that in S. cerevisiae Ras proteins function predominantly as

modulators of adenylate cyclase while metazoan Ras proteins, and interestingly also the
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Ras proteins of S. pombe, appear to exert their function independently of cAMP (Toda et
al., 1985; Fukui et al., 1986; Gibbs and Marshall, 1989).

The S. cerevisiae Ras proteins are active in their GTP-bound state and inactive in their
GDP-bound state. The activity of Ras is modulated by the products of the CDC25 and the
IRAT and IRA2 genes. Cdc25, the GTP-exchange factor (GEF), is a positive regulator of
Ras activity. It stimulates the intrinsic GTPase-activity of Ras, thereby promoting the re-
moval of GDP bound to Ras and its replacement with free GTP. Iral and Ira2 (Ira) are
structural and functional homologs of mammalian GTPase-activating protein (GAP).
They stimulate Ras GTPase-activity and thereby downmodulate Ras activity. A dominant
active allele of RAS2, RAS2val9 i, like its mammalian oncogenic counterpart, impaired
in its GTPase activity and insensitive to regulation by Ira (Kataoka et al., 1984). In its ac-
tive state the Ras proteins of S. cerevisiae are capable of stimulating adenylate cyclase
(encoded by CDC35/CYRI), the enzyme responsible for the synthesis of cAMP. Degra-
dation of cAMP is achieved by the low- and high-affinity phosphodiesterases (encoded
by PDEI and PDE2, respectively). The synthesis of cCAMP leads to the activation of
cAPK. This protein kinase is a heterotetramer, consisting of two regulatory (encoded by
BCYI) and two catalytic subunits (encoded by the homologous genes TPK1, TPK2, and
TPK3). In the absence of cAMP, Bey1 is tightly bound to the catalytic subunits, restrain-
ing their activity. When Bcy1 binds cAMP, it dissociates from the catalytic subunits,
thereby relieving the inhibition, the enzyme is then in its active state. In cells growing on
medium containing a fermentable carbon source such as glucose, cAMP-levels are high
and consequently cAPK is active (Ras function and the Ras/cAMP pathway have been
reviewed in Tatchell, 1986; Gibbs and Marshall, 1989; Broach and Deschenes, 1990;
Broach, 1991; Thevelein, 1992).

Despite the fact that the components of the Ras/cAMP pathway have been identified
and well characterized, neither the exact mechanism of signal perception at the cell mem-
brane nor most of the precise targets affected by the pathway are known. However, it has
been established that the primary triggers of the Ras/cAMP pathway are rapidly-fer-
mentable sugars and intracellular acidification. In response to these triggers the level of
cAMP in the cells increases, which leads to the activation of cAPK (Mbonyi et al., 1990;
Van Aelst et al., 1990; Thevelein, 1991). This observation is consistent with the idea that
the Ras/cAMP pathway is responsible for signaling the nutritional status of the cell.
Downstream targets of cAPK probably include enzymes involved in the metabolism of
storage carbohydrates, in glycolysis and gluconeogenesis, in phospholipid metabolism,
and in cAMP synthesis, as well as transcription factors. But so far only very few of these
targets of cCAPK have been unequivocally identified. One example for a well established
substrate of cAPK, as has been mentioned before, is the trehalose-hydrolyzing enzyme
trehalase. This enzyme has been shown to be phosphorylated and thereby rapidly acti-
vated by cAPK in vitro (see Introduction Chapier 2).
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The question whether the Ras/cAMP pathway may influence not only mobilization
but also synthesis of trehalose in a direct manner has been raised repeatedly. In favor of
this assumption, several studies have demonstrated that mutations affecting the activity of
the Ras/cAMP pathway also affect the accumulation of trehalose. (Tenan ef al., 1985;
Toda et al., 1985; Hottiger et al., 1989). More importantly, it has also been shown that
strains with increased cAPK activity had decreased Tre6P synthase activity and vice versa
(Panek et al., 1987; Francois et al., 1991). However, the precise mechanism behind these
results remains unclear, and so far it has not been convincingly shown that cAPK directly
regulates Tre6P synthase activity (Vandercammen et al., 1989). With the identification of
Rim15 as a two-hybrid interactor of Tps! and as a putative element of the Ras/cAMP
pathway, as discussed in the previous chapter, it is tempting to speculate that Rim15
could actually provide a link between trehalose synthesis and the Ras/cAMP pathway.

In this chapter, attempts to corroborate this speculation by detection of direct physi-
cal interaction between Rim15 and Tps1 are presented. Moreover, this chapter contains
genetic and biochemical evidence for a model in which Rim15 functions directly down-
stream and under negative regulation of cAPK to control entry into stationary phase. Ex-
periments described in this chapter have been performed in collaboration with Claudio De
Virgilio and with the technical assistance of Niels Biirckert.
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RESULTS

Analyses of epistasis with the Ras/cAMP pathway

The results described and discussed in the previous chapter had led to the sugges-
tion that Rim15 could have a role in the Ras/cAMP pathway. This suggestion was mainly
supported by the finding that loss of RIM15 leads to a number of phenotypes that are re-
markably similar to those encountered in cells with unregulated cAPK, for instance beyl
or RAS2vall9 In order to corroborate this suggestion, analyses of epistasis were per-
formed, investigating the consequences of overexpression of RIM15 on the one hand and
loss of RIM15 on the other hand in a number of strains carrying mutations affecting the
Ras/cAMP pathway.

Deletion of RIM15 rescues the thermosensitive growth defect of a cdc35-10 strain and
suppresses phenotypes caused by total loss of cAPK

In order to understand better the relationship of Rim15 to the Ras/cAMP pathway, it
was determined whether loss of RIM15 could suppress a defect in the adenylate cyclase.
This was done by deleting the RIM15 gene in a cdc35-10 background (strain PD6517).
The cdc35-10 mutation is a temperature sensitive allele of adenylate cyclase. Cells
carrying this mutation grow at 27°C but are unable to do so at 35°C. Three colonies
deleted for RIMI5 in this background along with three colonies of PD6517 were tested
for growth in liquid YPD medium at the non-permissive temperature. As expected,
cde35-10 cells failed to grow at 35°C (OD600 after 2 d = 0.15 + 0.06). Loss of Riml5,
however, enabled the cells to grow at 35°C (OD600 after 2 d = 4.47 £ 0.26). Ac-
cordingly, it can be concluded that Rim15 may act in the Ras/cAMP pathway downstream
of adenylate cyclase.

To further clarify the position of Rim15 in the Ras/cAMP pathway, it was examined
whether loss of RIMI5 could alleviate the lethality of total loss of cAPK, conferred by the
disruption of all three genes coding for the catalytic subunit of protein kinase A (TPKI,
TPK2, TPK3). RIM15 was deleted in the heterozygous diploid strain S7-7A x S7-5A
(TPK1/tpkl TPK2/tpk2 TPK3/ipk3 [TPK/tpk]). The resulting strain (NB13) was al-
lowed to sporulate and tetrad analysis was performed. Genotypes of viable spores were
scored according to the auxotrophic requirements, and those of nonviable spores were
predicted from those of the other spores in the same tetrad, assurning normal 2:2 segrega-
tion. As expected, no viable progeny carrying disruptions in all TPK genes could be re-
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covered. However, spores germinated and grew if they also carried rimI54 in addition to
ipkl k2 tpk3. Therefore, deletion of RIM15 suppresses the complete loss of cAPK.
This result was further confirmed by a second experiment. A k! tpk2 tpk3 riml5A (pk
riml54) strain was transformed with either a plasmid allowing galactose-inducible ex-
pression of RIM15 (YCpIF2-RIM15) or with a control plasmid (YCpIF2) and tested for
growth on either glucose- or galactose-containing medium. As expected, cells containing
YCpIF2-RIM15 grew readily on glucose but failed to grow on galactose, while the cells
containing the control plasmid had no such growth defect (Figure 1). Again this confirms
that rimi54 suppresses loss of cAPK activity.

Glucose Galactose

YCplE: YCpIF2

YCpIF2-RIM1 YCplIF2-RIM15

Figure 1: Deletion of RIM15 suppresses the lethality of complete loss of cAPK. RIM15
was placed under control of a galactose-inducible promoter on plasmid YCpIF2-RIM 15
and reintroduced into strain NB13-14D (tpk! 1pk2 tpk3 rim154). Two clones were tested
for their ability to grow on glucose- or gajactose-containing SD medium. YCpIF2 desig-
nates the empty control vector.

Having shown that rim154 suppresses the growth defect of fpk strains, in a next
step it was tested whether a tpk rim15A strain would also be impaired for other stationary
phase adaptations, that is whether it behaved like a rim154 mutant. The expression of
genes induced upon diauxic shift, namely SSA3, HSP12, HSP26, UBI4, and ADH2,
was studied in a wild-type (TPK RIM15), a rim154 (TPK riml54) and a tpk rim154
strain in log and in stationary phase (2 d and 4 d after glucose depletion, Figure 2). This
set of genes has previously been shown to be under negative control of cAPK (Kurtz et
al., 1986; Tanaka et al., 1988; Cherry er al., 1989; Werner-Washburne et al., 1989;
Praekelt and Meacock, 1990). In the wild type SSA3, HSP12, and HSP26 were re-
pressed in log cells but derepressed in stationary phase. Deletion of RIM15 resulted in re-
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pression of these genes both in log and stationary phase, irrespective of the presence or
absence of the TPK genes. The expression of UBI4, ADH2, and of SSBI, a marker gene
for exponential phase, was not affected by loss of either RIM15 or TPK, largely confirm-
ing earlier results on gene expression in a rimI54 strain (Chapter II, Figure 9).
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Figure 2: Analysis of gene expression in exponentially growing and stationary phase
TPK RIM15 (SP1), TPK rim154 (NB13-1D), and tpk rim154 (NB13-14D) cells. Cells
were grown on YPD medium containing 1% (w/v) glucose as carbon source and total
RNA was prepared from cells in exponential (L) and in stationary phase (S1: 2 d after
glucose exhaustion; S2: 4 d after glucose exhaustion). The RNA was separated on
agarose gels, blotted to nitrocellulose and probed with SSA3, HSP12, HSP26, UBI4,
ADH?2, and SSBI. Equal loading (10 pg) and RNA integrity were verified by ethidium
bromide staining (rRNA).

Other phenotypes associated with stationary phase and with low cAPK activity in-
clude accumulation of trehalose and glycogen, high thermotolerance, and increased toler-
ance of prolonged starvation. These characteristics were therefore analyzed and compared
in wild-type (Table 1, row 1), rimI54 (Table 1, row 2), and tpk rim154 (Table 1, row 5)
cells. Strains deleted for RIM15 were always defective for the accumulation of trehalose
in stationary phase, regardless of the presence or absence of TPK. Strains bearing tpk
riml154 also displayed low thermotolerance, like it is known from riml54 strains (Table
1, rows 2, 5). However, not all phenotypes associated with loss of cAPK activity




110

CHAPTER I11

‘adAyouad jueaajal olues o) Yym Surens
uepuadeput (A91-18ATD PUE ‘1 1-18AQD ‘VE-I8AQD IHVA STHL w¥dl Dp-08AAD PUE ‘db-08AUD DT-08AAD [YVX SIWIY
N d.L) 2211 J0 (V8-08AQD PUR Vi-08AQD [¥PL Sruitd ydi Ay 1-€ 1N PUE VST1-08AQD (IYVA STl ydi ¥S-08AD PUR AZ-08AQD
1Yok STATY 4d1 *gEE-08AAD PUe dS1-08AUD 1474 STut N dL ‘dL-08AAD PUe GZ-08AQD INVA SIwi YdI) oml ‘(1-V8S-€1SY
Sl SQT-08AAD 1APL ST N d.L) 2U0 yiim sewin aa1yy pajeadar arom syusuriradxs [y es0on[s uo yimoid [enuesuodxs Suump pans
-eaw sem S1eJ YIMoIs oy, ‘wnipauwt pimbi] [y uo p Q] 10J UMOIT SAIM[NO WOJJ PIUILLIAIOP SeM [BAIAING P ¢ Jo JeSe (JdX uo umoid s[[so jo
Bururess surpor Aq Afoanen[enb pamsesw sem Ju9)u090 UaS09£[D) D, 0§ 18 UIUI ()7 J0J YO0US Jeay & SUIMO[[0] [BAIAINS SB PAUIULIDIOP Sem I0UR
-1o[oj0untay 1, aseyd Areuonye)s o) p 10§ ((JX) Wwingpatn pinbij [[n) U0 Um0 Surens ur paInseatl 9Jom 30URIS[OJOUIISY) PUE JUSIUOD ISO[RYSI],

pru 98T FI'I8 TIT ¥ 8801 +++ 6000 F TLEO IXVA STurt wyd g

Py SLIFOVII S'TTF $°06 +++ TE0'0 T L1670 INVA SINDY st g
900°0 F 601°0 I'I1 F 8¢S STFLY ++t 870°0 F 2€0'0 el cruea ydy 4,
620°0 T 691°0 I'81 T6'L8 9TLF VIS 4+ 020°0 F LVE0 PESTHIY 3d1 - 9
9200 F 791°0 86 F L0S 91F€9 +++ 750°0 F 650°0 INVE Sruneydy ¢
900°0 F #L2°0 6TFSS 1'0F 10 - 100°0> ok grund ydr - ¥
9100 ¥ 820 VELFTI9 0TFSY + $20'0 F 950°0 DK ST IdL €
900°0 F $9T°0 YSFOv I'0OF 10 - 1000 > IIVA STwiid IdI T
9100 F 8LT°0 L'ST F €06 9 F 697 + LLO'O F 181°0 IXVA SIWIY AdL 1

(- (%) (%) (urerod 3/8)
yIMoin [ealAIng Q0URIS[OIOULIAY L us302410 Isofeyal], adfloucs jueasppy moy

spuno43ynq wips A pue d) Nd), W [ NeA puv vg W fo spoaff ] sqef,



CHAPTER 1T 111

were suppressed by rim154. Glycogen levels remained high in tpk rimi54 cells, as veri-
fied by iodine staining. Also, tpk riml5A strains had a lower growth rate than rimi154
strains (0.162 h-! compared with 0.265 h-! for the riml5A strain; Table 1, rows 2, 5),
and they were more starvation resistant in stationary phase (50.7% survival after 10 d
compared with 4.6% for the riml54 strain; Table 1, rows 2, 5). Summarizing, these re-
sults point to a model in which Rim15 acts downstream of cAPK, being responsible for a
subset of physiological adaptations induced upon entry into stationary phase, including
trehalose accumulation, acquisition of thermotolerance, and the induction of certain genes
(SSA3, HSP12, and HSP26). Conversely, other stationary phase phenotypes, such as
glycogen accumulation seem not to be induced through the activity of Rim15, suggesting

control mechanisms which act through Tpk but without involving Rim15.

Effects of rim15A in TPK, tpk, and tpk1W strains

Interpretation of the described studies with the tpk riml54 mutant was rendered
difficult by the fact that the phenotype of this strain can not be compared directly with the
phenotype of a rpk strain, since the latter strain is not viable. This problem can be partially
overcome with a special type of TPK mutant. Cells deleted for two of the three TPK
genes and carrying a so-called 'wimpy' allele for the third, are viable and display
attenuated cAPK activity. If, in addition, BCY1 is disrupted, this low cAPK activity is
also unregulated and cAMP-independent (Cameron et al., 1988). Such a strain is
considered to be the closest equivalent possible to a tpk strain. It seemed therefore
interesting to analyze the effects of riml54 in such a tpk1¥ 1pk2 tpk3 beyl (tpk¥)
background. Like with the tpk riml5A strain, stationary phase characteristics, such as the
induction of SSA3, HSP12, HSP26, UBI4, and ADH?2 expression, along with the
accumulation of trehalose and glycogen, and the induction of thermo- and starvation
tolerance were investigated. Surprisingly, the effects of riml54 were not identical in a 1pk
and a tpk¥ background.

As shown in Figure 3, the wild-type strain displayed normal repression/derepres-
sion in logarithmic and stationary phase of SSA3, HSP12, HSP26, UBI4, ADH2, and
SSB1. Log-phase tpk" RIM15 cells were slightly derepressed for SSA3, HSP12, and
ADH? expression but normal for HSP26 and SSB1. Deletion of RIM15 had no effect in
tpk* log-phase cells, except that HSP26 was slightly derepressed in addition to SSA3,
HSP12, and ADH2. Therefore, in log-phase rim154 did not show a detectable phenotype
in both backgrounds.

Based on the finding that tpk" strains responded properly to nutrient limitation, it
has been suggested previously that cAMP-independent mechanisms may exist for con-
trolling the starvation response (Cameron ef al., 1988). In accordance, transcription levels
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of SSA3, HSP12, HSP26, UBI4, and ADH2 were found to increase normally in tpk%
RIMIS cells in stationary phase, while SSBI became repressed (Figure 3). In the 1pk¥
riml5A strain expression of SSA3, HSP12, and HSP26 was diminished but not com-
pletely absent in stationary phase. This result indicates that the induction/derepression of
these particular genes depends at least partially upon RIM15. Even more interesting, this
is an unexpected difference to the findings with the tpk rim15A strain described above
(Figure 2). The tpk riml54 strain showed no expression of SSA3, HSP12, and HSP26.
at all in stationary phase. Obviously, riml54 suppresses tpk* not to the same extent as
tpk with respect to the expression of these genes.
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Figure 3: Analysis of gene expression in exponentially growing and stationary phase
TPK RIMI15 (CDV80-4C), tpk¥ RIMI5 (RS13-58A-1), and tpk" rimi5A (CDV81-
16D). Celis were grown on YPD medium containing 1% (w/v) glucose as carbon source
and total RNA was prepared from cells in exponential (L) and in stationary phase (S1: 2d
after glucose exhaustion; S2: 4 d after glucose exhaustion). The RNA was separated on
agarose gels, blotted to nitrocellulose and probed with SSA3, HSP12, HSP26, UBI4,
ADH?2, and SSBI. Equal loading (10 pig) and RNA integrity were verified by ethidium
bromide staining (rRNA).

Other stationary phase adaptations (trehalose and glycogen accumulation, starvation
and thermotolerance) were also investigated in #pk" and tpk® riml54 cells (Table 1, rows
8, 9). The tpk¥ strain hyperaccumulated glycogen and trehalose and was highly resistant
to heat stress and prolonged (10 d) starvation. Deletion of RIM1S5 in this background had
no effect on the hyperaccumulation of glycogen and did not decrease starvation and heat
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resistance of the cells. The trehalose content was lower in a 1pk® riml5A cells compared
with k¥ cells, but cells still contained rather high levels of this disaccharide when com-
pared with the wild type (row 1) or TPK rim154 cells (row 2). The findings made with a
tpk rim134 strain (see above) had already suggested that glycogen accumulation is not
under control of Rim15, while the other phenotypic traits analyzed appeared to be
strongly dependent upon Rim135. The findings with the pk* rim154 strain seem to con-
tradict this idea because riml54 does not or only partially suppress the phenotype con-
ferred by #pk with respect to trehalose accumulation, and acquisition of heat and starva-
tion resistance. This seeming contradiction to the model placing Rim15 downstream and
under negative control of cAPK may be reconciled if it is assumed that the unregulated
‘wimpy' allele is also active during a phase when cAPK would normally be inactive
(stationary phase) and that it may then interfere with targets normally not directly
controlled by cAPK.

Overexpression of RIM15 partially induces a starvation response in exponentially grow-
ing wild-type cells, complements bcy1-1, and exacerbates the growth defects at elevated
temperatures of cdc35-10 cells

As shown in Chapter II, deletion of RIM15 renders cells unable to enter stationary
phase propetly. Therefore it was assumed that the activity of Rim15 is necessary for the
signal transduction chain that controls the adaptations observed upon nutrient depletion
from the growth medium. Consequently, overexpression of RIM15 in exponentially
growing wild type cells should induce a starvation response even in the presence of nutri-
ents. This hypothesis was tested by using wild-type strain YEF473 bearing either a
plasmid allowing galactose-inducible expression of RIM15 under the GAL] promoter
(YCpIF2-RIM15) or an empty control plasmid (YCpIF2). Both strains were assayed in
logarithmic growth and stationary phase for their trehalose accumulation, SSA3-lacZ in-
duction and thermotolerance (Table 2). Cells overexpressing RIM15 showed a tenfold in-
duction of trehalose, a threefold higher SSA3 expression and a fivefold increase in ther-
motolerance when compared with the cells containing the empty control plasmid. More-
over, stationary phase cells overexpressing RIM15 contained 50% more trehalose,
showed 37% stronger SSA3-lacZ induction, and acquired higher thermotolerance levels
when compared with the control cells (Table 2). These results confirm that the activity of
Rim15 is an important positive regulator of the starvation response in yeast cells.

The results described in Chapter II had also demonstrated that deletion of RIMI5
results in a phenotype similar to the phenotype caused by unregulated constitutive activa-
tion of cAPK. Also, analyses of epistasis performed so far are consistent with Rim15
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Table 2: Effects of RIM15 overexpression

Trehalose SSA3-lacZ induction  Thermotolerance
(g/g protein) (Miller units) (% survival)
YCpIF2 LOG 0.006 £ 0.002 12.6 £ 3.0 09+0.5
YCpIF2 STAT 0.238 £ 0.030 429.0 +61.9 771+ 85
YCpIF2-RIM15 LOG 0.063 £ 0.009 37.0£3.7 49+ 1.6
YCpIF2RIMI5 STAT 0.364 £ 0.027 589.0 £ 43.7 98.5 + 18.0

Cells of strain YEF473 (wild type) containing either plasmid YCpIF2 (control) or
YCpIF2-RIM15 (overexpression of RIM15) were grown to log (LOG) or stationary
phase (STAT; 4 d) on SD media containing 2% galactose and 1% raffinose to induce
GALI-driven transcription of the RIM15 gene in YCpIF2-RIM15. Expression of SSA3
was determined as B-Galactosidase activities resulting from the induction of an SSA3-
lacZ fusion gene (from plasmid pWB204A-236). Thermotolerance was measured as
survival following a heat shock for 4 min (log phase cells) or 20 min (stationary phase
cells) at 50°C. Values repesent means * SD of three independent experiments.

Table 3. Suppression of beyl-1 phenotypes by overexpression of RIM15

Trehalose SSA3-lacZ induction  Thermotolerance

(g/g protein) (Miller units) (% survival)
BCY! YCpADH!I 0.39 £0.05 137.8 £37.5 39.8£3.7
BCY! YCpADHI-RIMI15 0.56+0.11 2999 £76.0 73.0x24
beyl-1 YCpADHI 0.12 £ 0.06 14+11.1 12.6 £2.9
beyl-1 YCpADHI-RIMI5  0.24+0.02 123.9 £ 25.7 43.0+ 109

Strains SP1 (BCYI) and T16-11A (bcyl-I) containing either plasmid YCpADHI
(control) or YCpADHI-RIM15 (RIM15-overexpression) were grown to stationary phase
(5 d) on SD-media containing 1% glucose. B-Galactosidase activities were measured to
monitor the induction of an SSA3-lacZ fusion gene (from plasmid pWB204A-236).
Thermotolerance was measured as the survival following a heat shock for 20 min at
50°C. Values represent means + SD of three to six independent experiments.
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being under direct or indirect negative control of cAPK. Overexpression of RIM15
should therefore revert the phenotypic effects associated with unbridled cAPK activity, as
for instance in a beyl-1 strain. In order to test this assumption, strains T16-11A (beyl-1)
and SP1 (wild type) were transformed with either a plasmid allowing constitutive overex-
pression of RIM15 under the ADH! promoter (YCpADHI-RIM15) or a control plasmid
(YCpADHLI). Cells were grown to stationary phase and trehalose content, SSA3-lacZ in-
duction and thermotolerance were monitored (Table 3). Overexpression of RIM15 in the
beyl-1 strain was able to partially overcome the lack of trehalose accumulation (0.24 +
0.02 g/g protein compared with 0.12 £ 0.06 g/g protein in the bcyl-1 strain and 0.39 +
0.05 g/g in the wild-type controt), and to completely suppress the SSA3-expression de-
fect (123.9 +25.7 compared with 1.4 + 11.1 in the beyl-1 strain and 137.8 £37.5 in the
wild-type carrying the control plasmid) and acquisition of thermotolerance (43.0 £ 10.9%
survival compared with 12.6 + 2.9% in the bcyl-1 strain and 39.8 + 3.7% in the wild-
type carrying the control plasmid). Overexpression of RIM15 in the wild-type back-
ground (BCYI) again led to overall higher trehalose accumulation, SSA3 induction and
survival after heat shock. Therefore, Rim15 is epistatic to Beyl, indicating that it acts
downstream of this protein in the Ras/cAMP pathway.

27°C 34°C

YCpADHI YCpADH]

YCpADHI-RIMI15 YCpADHI-RIM15

Figure 4: Overexpression of RIM15 exacerbates the thermosensitive growth phenotype
of a cde35-10 strain. Two clones of strain PD6517 (cdc35-10) bearing either the RIM15-
overexpressing plasmid YDpADHI-RIMI5 or the control plasmid YCpADH1 were incu-
bated on SD medium at 27°C or 34°C for 3 d to monitor growth.

The effects of RIM15 overexpression in RAS2va!19 mutants which also have un-
bridled cAPK activity were ambiguous. While overexpression of RIM15 (YCpADHI-
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RIMI5 ) in the RAS2vall9 strain JC482 partially suppressed the thermotolerance defect
(44.9 £ 4.8% survival after 20 min at 50°C for cells containing YCpADHI-RIM15 and
15.0 £ 0.1% survival for cells expressing the control plasmid YCpADH1) it only partially
suppressed its defect in trehalose accumulation (0.084 + 0.004 g/g protein compared to
0.060 £ 0.008 g/g protein in control cells). In contrast, overexpression of RIM15 in the
RAS2vall9 strain TK161-R2V did neither suppress its thermotolerance nor its trehalose
accumulation defect.

The same strain carrying a thermosensitive allele of adenylate cyclase (cdc35-10)
that was used to test the effect of rimI54 was also used to monitor the effect of RIM15
overexpression. While cells carrying the control plasmid were able to grow both at 27°C
and at 34°C, those that overexpressed RIM15 grew at 27°C but failed to grow at 34°C.
Therefore, overexpression of RIM15 exacerbates the temperature sensitivity of a strain
carrying the cde35-10 mutation (Figure 4). These results signify that the point of action
of Rim15 lies downstream of the gene product of CDC35, which is consistent with all
other experimental results obtained so far.

Epistatic analyses of RIM15 and YAX1: Yakl and Riml5 are not in the same pathway

The YAKI gene had been identified in a screen for suppressors of the thermosensi-
tivity of ras mutants and it was found to encode a protein kinase. Moreover, analogous to
the deletion of RIM15, deletion of YAKI overcame the lethal growth defect of a fpk strain
(Garrett and Broach, 1989). Current knowledge, however, places Yakl in a pathway
parallel to cAPK. One of the main arguments for this model is the fact that Yak1 activity
is not inhibited by phosphorylation through cAPK in vitro (Garrett et al., 1991). The
phenotype of tpkl tpk2 tpk3 (tpk) yakl strains described in the literature resembles in
some ways the one of tpk riml5A strains. Cells of both strains are able to grow, at a
somewhat lower growth rate, and they accumulate high amounts of glycogen. It seemed
reasonable to test the effects of simultaneous loss of Rim15 and Yak1. Strains carrying
riml54 contained less trehalose and glycogen (Table 1, lanes 2, 5), were less thermotol-
erant and more starvation sensitive than strains carrying yakl, irrespective of the presence
or absence of functional cAPK (Table 1, lanes 3, 6). Only the growth rates of rimi5a
and yakl strains were similar and loss of either gene conferred slow growth in a pk
background (growth rates were 0.162 for tpk rim154 and 0.169 for tpk yaklI). The dou-
ble mutants, riml54 yak!l and tpk riml5A yakl (Table 1, lanes 4, 7), resembled rimi54
cells with respect to trehalose content, thermotolerance, and starvation resistance. There-
fore, judged by these phenotypic traits, the two mutations had no additive effect. The
only exception was the growth rate of the double mutant without cAPK, which was de-
creased compared with the #pk strains carrying the single mutations of RIM15 and YAK],
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respectively. These findings would be consistent with Rim15 being downstream of Yak1,
either in a pathway parallel to the Ras/cAMP pathway or, taking in account our current
knowledge on Rim15, in such a way that Rim15 could integrate signals from both cAPK
and Yak1. Any interpretation must be made with caution, though, and would certainly re-
quire more data on the nature of the relationship between Yak1, Rim15, and cAPK.

Co-precipitation studies of Rim15 and Tpsl or Tpkl
Attempts to determine biochemical interaction between Riml5 and both Tpsl and Tpkl

Two-hybrid analysis had indicated that Rim15 and Tps1 could physically interact
which was further corroborated by the finding that rim]54 mutants were defective for
stationary phase-induced trehalose synthesis. In parallel, analyses of epistasis indicated
that Rim15 itself is a downstream effector of cAPK and may therefore also be physically
associated with Tpk1. In order to further substantiate these findings, it was attempted to
co-precipitate Rim15 with either Tps1 or Tpkl in biochemical experiments. During the
course of these experiments several obstacles were encountered, some of which could be
tackled, others proved more difficult to overcome. The different attempts will be shortly
described in the following paragraphs.

Since currently no antibodies are available against Rim15, this protein was ex-
pressed in S. cerevisiae as a fusion protein with glutathione S-transferase (GST). This
‘tag’ allows purification of the protein by affinity binding to glutathione sepharose.
Likewise, Tps1 and Tpk1 were expressed as maltose-binding protein (MBP) fusions in
E. coli which could be purified by their affinity to amylose. Based on the values from the
two-hybrid interaction between Rim15 and Tps] it was expected that the proteins only
interact weakly with each other (Estojak ef al., 1995). Two-hybrid data on the strength of
the interaction between Rim15 and Tpkl are not available, since both DBD-fusions
(DBD-Rim15 and DBD-Tpk1) caused very high background activities (results not
shown).

Initially, attempts were made to purify full-length GST-Rim15 from cells grown
for 2 d on SD medium with 2% (w/v) galactose and 1% (w/v) raffinose. However, while
the cells containing the control plasmid expressed GST (readily detectable both on a
coomassie stained SDS-gel [Figure 5, lane 1, left panel] and on immunoblots probed with
anti-GST antibodies [Figure 5, lane 1, right panel]), no GST-Rim15 protein could be de-
tected in extracts of cells expressing GST-RIM15 (Figure 5, lane 2). Different conditions
for the purification were tested but no apparent flaws in the purification protocol could be
found which could explain this result. Since not even proteolytic fragments of GST-
Rim15 could be detected, it was concluded that proteolysis during preparation of the ex-
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Figure 5: Full-length GST-Rim15 was not detectable in growing cells. Wild-type strain
MH272-1D was transformed with YCpIF2-GST (GST) or with YCpIF2-GST-RIM15
(GST-Rim15) and grown for 2 d on SD medium containing galactose and raffinose.
Glutathione sepharose-affinity purified proteins from cells containing the GST control
plasmid (lane 1) or the GST-Rim15 overexpressing plasmid (lane 2) were separated by
SDS-PAGE (left panel) and analyzed by immunoblot (I-blot, right panel) using anti-GST
antibodies. Protein sizes (indicated to the left in kDa) were determined by means of a
protein standard.
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Figure 6: Immunoblot of truncated versions of GST-Rim15. Wild-type strain MH272-
1D containing YCpIF2-GST, YCpIF2-GST-RIM15-P1 or YCpIF2-GST-RIM15-P2 was
grown for 2 d on SD medium containing galactose and raffinose. Proteins were purified
by affinity binding to glutathione sepharose and analyzed by SDS-PAGE (left panel) and
immunoblot (I-blot, right panel). Lane 1: GST, lane 2: GST-Rim15-P1, lane 3: GST-
Rim15-P2. Standard protein sizes are indicated to the left (in kDa).
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tracts was not the main problem and that the GST-Rim15 protein rather may be subjected
to high proteolytic degradation ir vivo. In a next step it was then tested whether partial
GST-RIM15 fusions were translated into more stable protein products. Two constructs
were made and tested, GST-Rim15-P1 (amino acids 761-1266) and GST-Rim15-P2
(amino acids 761-1770). Both constructs were detectable on coomassie-stained SDS-gels
and immunoblots (Figure 6). However, the crucial step that eventually also made it pos-
sible to purify full-length GST-Rim15, proved to be an extension of the culture time to
more than 2 d. In stationary phase cells GST-Rim15 seemed to be more stable, still some
proteolysis was always detected (see Figure TA).

Once expression and purification of full-length GST-Rim15 had been successful,
the next step was to achieve efficient electro-transfer of this large protein to nitrocellulose.
Buffer conditions, blotting time, and voltage were optimized, in order to transfer as much
as possible of GST-Rim15 without losing any of the smaller sized proteins. Still, full-
length GST-Rim15 transferred not very efficiently, while shorter proteolytic fragments
could be blotted easily (as judged by staining the SDS-gels with coomassie blue after the
transfer). Therefore, on immunoblots the full-length protein was always slightly under-
represented.

In a next step it was then possible to assay for coprecipitation of GST-Rim15 with
MBP-Tps1 or MBP-Tpk1. Affinity purified GST-Rim15 or GST alone as a control, were
combined with either MBP-Tps1, MBP-Tpk1, MBP-Tim12 (an unrelated nuclear pro-
tein), or MBP (control). Interactions were always determined in both directions, i.e. pre-
cipitation of each mix was performed with both glutathione sepharose and amylose resin.
Provided that two proteins interact with each other, both types of precipitation should
yield the same result; for example MBP-Tps1 should co-precipitate with the glutathione
sepharose-bound GST-Rim15, and GST-Rim15 should co-precipitate with the amylose
resin-bound MBP-Tps1. Detection of the fusion proteins was achieved by immunoblot,
using either anti-GST or anti-MBP antibodies.

The results of one experiment are displayed in Figure 7. Full length GST-Rim15 as
well as proteolytic fragments and GST protein were purified efficiently with glutathione
sepharose (Figure 7A). As can be seen, both MBP-Tps1 and MBP-Tpk1 co-precipitated
with GST-Rim15 (Figure 7C, lanes 5 and 6). However, they also co-precipitated with the
GST control (Figure 7C, lanes 1 and 2). Moreover, the unrelated controls MBP-Tim12
and MBP protein both also bound to GST-Rim15 and GST (Figure 7C, lanes 3, 4, 7,
and 8). Interestingly, MBP-Tpk1 only bound very weakly to the GST control. Still, since
the unrelated controls both co-precipitated with the target protein, no statement is possible
whether the interactions observed between MBP-Tpk1l/MBP-Tpsl and GST-Rim15
reflect true in vivo interactions. Pull-down with amylose resin only yielded the MBP-
tagged proteins alone (Figure 7B), no co-precipitating GST-fusion pro
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Figure 7 (see last page): Co-precipitation analysis of GST-Rim15 and MBP-Tps! or
MBP-Tpk1. Glutathione sepharose affinity purified GST-Rim15, or GST as control,
were incubated with either a potential interactor (MBP-Tps1 or MBP-Tpk1) or with an
unrelated control (MBP or MBP-Tim12) and proteins were precipitated with either
glutathione sepharose (A, C) or with amylose resin (B, D). Samples were analyzed by
immunoblot using anti-GST (A, D) or anti-MBP (B, ©) antibodies. Protein sizes (in kDa)
are indicated to the left of each panel.

tein could be detected (Figure 7D). Apparently, under the conditions chosen for the
exper-

iment, MBP was able to bind to the glutathione-sepharose matrix (it did probably not bind
to the GST-tag since in that case one would expect to also detect co-precipitation in the
corresponding amylose resin pull-down experiment, Figure 7D). Therefore, these results
neither confirm nor exclude that an in vivo interactions exists between Rim15 and Tps1 or
Tpk1. Future attempts should employ different tags to circumvent the observed non-spe-
cific binding of MBP to glutathione sepharose. One basic problem may also be the fact
that both Tps1 and Tpk1 were expressed in E. coli instead of in yeast. This could result in
modifications or changes in protein folding that do not allow to detect interactions as they
would occur with the endogenous proteins. Co-expression of GST-RIM15 together with
TPSI and TPK], respectively, may circumvent this obstacle. Another strategy might be
the integration of a tagged Rim15 into the genome and expression under its own pro-
moter. Both Rim15-Tps1 and Rim15-Tpk1 co-precipitation could then be studied under
native conditions, using if possible, antibodies specific for these proteins to detect them
on immunoblots. This would also allow to check whether the proposed interactions exists
only during a certain growth phase, e.g. only during the diauxic shift.

Kinase activity of Riml5

Riml5 has protein kinase activity that can be inhibited by in vitro phosphorylation
through cAPK

RIMI5 specifies a polypeptide that includes regions conserved among ser-
ine/threonine protein kinases. Thus, there seemed no doubt that Rim15 functions as a
protein kinase. In order to actually detect such protein phosphorylating activity in vitro,
Rim15 was expressed as a GST-fusion protein in yeast. As described above, the GST-tag
allowed precipitation of GST-Rim15 from crude extracts by means of affinity binding to
glﬁtathione sepharose. In addition, commercially available anti-GST antibodies allowed
detection of the tagged protein on immunoblots.
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To determine whether Rim15 may function as a protein kinase, autophosphoryla-
tion activities of wild-type and of a mutant Rim15 derivative were compared. The mutant
derivative (Rim15K823Y) carries a substitution replacing the invariant lysine in kinase
subdomain Il with tyrosine. This lysine residue lies in the ATP-binding site, and its
substitution impairs both ATP and peptide substrate binding (Gibbs and Zoller, 1991).
Therefore, such a mutant enzyme should have no kinase activity. When radioactive ATP
was added to the affinity purified wild type GST-Rim15, and phosphorylated proteins
were visualized by SDS-PAGE and autoradiography, a 223 kDa band, the expected size
of GST-Rim15, was identified on the autoradiogram (Figure 8A, lane 1). Some smaller
labeled bands also appeared on the gel, probably resulting from proteolytic degradation of
the full length GST-Rim15. The identity of the labeled bands as GST-Rim15 and frag-
ments derived from this protein, as well as equal loading, were confirmed by immunoblot
using anti-GST antibodies (not shown). The same phosphorylation experiment was re-
peated with the purified ATP-binding domain mutant GST-Rim15K823Y. Only very weak
phosphorylating activity (< 5%) was detectable, which could be due to a contaminating
protein kinase co-precipitated with Rim15 (Figure 8A, lane 3). In a control experiment no
labeling of GST-protein alone was observed (Figure 8A, lane 5). These results confirm
that in vitro phosphorylation of the Rim15 protein results from an autocatalytic reaction,
and, accordingly, that Rim15 is a protein kinase.

Analyses of epistasis as described above are consistent with a model in which
Rim15 functions downstream and under negative control of cAPK in the Ras/cAMP
pathway. It was therefore determined whether Rim15 and the ATP-binding site mutant
Rim15K823Y could be phosphorylated by bovine cAPK (bovine A kinase catalytic sub-
unit) in vitro. As can be seen in Figure 8A (lanes 2 and 4, respectively), both GST-
Rim15 and to a lesser extent also GST-Rim15K823Y were strongly phosphorylated by
cAPK, while no band appeared in the GST-control (lane 6). The somewhat lesser phos-
phorylation level observed for the ATP-binding domain mutant can probably be attributed
to its lack of autophosphorylation. Commercially available bovine cAPK was used for
practical reasons in these experiments because of the known instability of this enzyme.
However, phosphorylation of Rim15 was also detected using a preparation of yeast Tpk1
expressed as an MBP-fusion protein in E. coli (Figure 9, lane 4). With these experiments
it could be confirmed that Rim135 is a target of cAPK-phosphorylation in vitro.

As a next step it was investigated whether, as predicted by the working model,
phosphorylation of Rim15 by cAPK inhibited its kinase activity, namely its ability to
phosphorylate another protein. Since the endogenous substrates of Rim135 are not known,
it was necessary to use an exogenous substrate, in this case a-casein. Commercially
available casein consists of several isoforms. During the course of the experiments it was
observed that Rim15 specifically phosphorylated the largest of the casein bands detectable
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Figure 8 (see last page): cAPK-dependent phosphorylation of Rim15 inhibits its ki-
nase activity. A. GST-Rim15, GST-Rim15-K823Y, and GST proteins were purified and
analyzed for autophosphorylation activity and their potential to be phosphorylated by
cAPK. Accordingly, equal amounts of the fusion proteins were incubated with v-[32P]
ATP either in the absence (-cAPK) or in the presence (+cAPK) of cAPK. Phosphoryla-
tion levels were quantitated by 32P phosphoimager analysis and expressed as percent of
the GST-Rim15-phosphorylation level (+cAPK). B. To analyze the effect of cAPK-de-
pendent phosphorylation of Rim15, equal amounts of GST-Rim15, GST-Rim15-K823Y,
and GST were preincubated with unlabelled ATP and either no further additions, with
cAPK, with cAPK and cAPK inhibitor, or with cAPK inhibitor alone, as indicated. The
samples were washed extensively and assayed for o-casein phosphorylation in the pres-
ence of cAPK inhibitor and y-[32P] ATP. The levels of o-casein phosphorylation were
quantitated by 32P phosphoimager analysis and expressed as percent of the control (level
of a-casein phosphorylation after preincubation of GST-Rim135 in the absence of both
cAPK and cAPK inhibitor). C. Equal amounts of GST-Rim15 and GST-Rim15-S709A/
S1094A/S1416A/S1463A/S1661A (GST-Rim15-5x[RRXS/A], mutated at five consen-
sus sites for cAPK-dependent phosphorylation, were analyzed as in B.

on an SDS-gel (see also Figure 9). By comparison with purified isoforms of o-, B, and
vy-casein this band was identified as a-casein (not shown). Rim15-dependent phosphory-
lation of a-casein was then studied after preincubation of GST-Rim15 in the absence or
presence of bovine cAPK and/or A kinase inhibitor (Figure 8B). a-Casein was readily
phosphorylated by wild-type Rim15 (lane 1). However, when preincubation of GST-
Rim15 with cAPK was included in the assay protocol prior to the addition of a-casein,
substrate phosphorylation was decreased by about 75% (lane 2). This inhibition of
Rim15 activity could be counteracted by the addition of cAPK-specific inhibitor, confirm-
ing that it had been brought about by the activity of cAPK (lane 3). No phosphorylation
of a-casein was detectable in the controls employing the ATP-binding site mutant allele of
Rim15, confirming that this allele has no kinase activity (lanes 5-8). The activities ob-
served were not due to contaminating kinase activity binding to the GST-tag or to the
sepharose matrix as verified in the control with affinity-purified GST (lane 9). It should
be pointed out that after incubation with cAPK Rim15 activity is not completely abol-
ished, therefore it can be deduced that phosphorylation by cAPK may be not the only
regulatory mechanism impinging upon Rim15.

The model that Rim15 could be regulated by cAPK had also been prompted by the
presence of five consensus sites for cAPK-phosphorylation within the non-conserved
amino acid sequence of Rim15. These sites might be decisive for the observed inhibition
of Rim15 activity through phosphorylation by cAPK. To test this hypothesis, a mutant
allele of Rim15 was constructed that had the conserved serine in all five consensus sites
(Arg-Arg-X-Ser) changed to alanine. This mutant allele Rim155709A/S1094A/51416A/
S1463A/S1661A was then assayed for its sensitivity to cAPK-phosphorylation in vitro. In
Figure 8C it can be seen that the consensus site mutant (lanes 3, 4) in comparison to the
wild type allele (lanes 1, 2) was not susceptible to inhibition by cAPK-phosphorylation.
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Taken together, the biochemical evidence presented here supports the assumption
that Rim15 is a protein kinase whose activity is under negative control of cAPK.

Tpsl is not a substrate for phosphorylation by Rim15 nor by cAPK in vitro

Initially Rim15 had been identified as an interactor of Tps1 in the two-hybrid sys-
tem and it had been speculated whether Rim15 could be regulating Tps1 activity by phos-
phorylation. One argument supporting this assumption is the fact that rim15A strains are
defective for trehalose accumulation in stationary phase and that in wild-type cells RIM15
expression is enhanced in stationary phase. In order to find more direct proof for a regu-
latory role of Rim15 for trehalose synthesis, the ability of Rim15 to phosphorylate Tps1
in vitro was investigated. To this end, kinase assays with glutathione sepharose-bound
GST-Riml5 (either truncated Rim15-P2 or the full length protein) and bacterially ex-
pressed MBP-Tps1 as substrate were performed. After SDS-PAGE analysis and autora-

1 2 3 4 1 2 3 4
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Figure 9: Tps1 is not phosphorylated by Rim15-P2. GST-Rim15-P2 was purified and
analyzed for its autophosphorylation activity (lane 1), and its potential to phosphorylate
either MBP-Tps1 (lane 2) or casein (1ane 3) or to be phosphorylated by MBP-Tpk1 (lane
4). Equal amounts of GST-Rim15-P2 were incubated with y-[32P] ATP in the presence
of either MBP-Tps1, MBP-Tpk1 or casein as described in Material and Methods.
Proteins were separated by SDS-PAGE (left panel), and phosphorylation was detected by
exposure to X-ray film (right panel).

diography, no phosphorylation of Tps1 by Rim15 was detectable, neither with the trun-
cated GST-Rim15-P2 (Figure 9, lane 2), nor with the full Jength GST-Rim15 (Figure 10,
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lane 1). Activity of Rim15 was verified in both cases by a control experiment including
the exogenous substrate casein (or o-casein) in the reaction. As can be seen in the figures
(Figure 9, lane 3; Figure 10, lane 2), this substrate was readily phosphorylated by the ki-
nase preparations. In both cases, the presence of MBP-Tps1 (97 kDa band in lane 2), and
a-casein (>31 kDa band in lane 3) was readily detectable on the coomassie-stained SDS-
gels (left panels in Figures 9 and 10). This experiment was repeated several times, never
detecting any phosphorylation of Tps1, independent of the fusion protein (GST-Tps1 or
MBP-Tps1) used in the assays. Therefore, at present there is no biochemical evidence
available to support the idea that Tps1 activity is regulated by Rim15-dependent phospho-
rylation. Still, it can not be ruled out completely that the in vitro differs from the in vivo
situation. For instance, Tpsl was expressed as a heterologous protein in bacteria, this
may result in altered properties of the enzyme and in unresponsiveness to phosphoryla-
tion by Rim15. However, at least GST-Tps1 had Tre6P synthase activity in vitro (resulis

not shown).
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Figure 10: Tpsl is not phosphorylated by Rim15. Purified GST-Rim15 was analyzed
for its potential to phosphorylate MBP-Tps1 (lane 1). Kinase activity of GST-Rim15 was
verified by testing its potential to phosphorylate a-casein (lane 2). For the assays, equal
amounts of purified glutathione-sepharose bound GST-Rim15 were incubated with y-
[32P] ATP in the presence of either MBP-Tpsl or a-casein. Samples were centrifuged
prior to boiling them with sample buffer in order to separate the glutathione-sepharose
bound GST-Rim15 from the substrates (see Material and Methods for details).
Supernatants were then subjected to SDS-PAGE (left panel) and phosphorylation was
detected after exposure to X-ray film (right panel).
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Expression of epitope-tagged Tps1 in E. coli has presented the opportunity to ob-
tain pure native Tps1 without the other subunits of the Tre6P synthase/phosphatase com-
plex. It was therefore for the first time possible to directly investigate the long-standing
suggestion that Tpsl could be phosphorylated and thereby regulated by cAPK. GST-
Tps1 was incubated together with bovine cAPK and v-[32P] ATP and then analyzed by
gel electrophoresis and autoradiography. No phosphorylation of Tpsl was detectable
(results not shown). Again the cautions raised above need to be considered, a bacterially
expressed fusion protein may react differently from the endogenous protein. Also it is
possible that bovine cAPK is not capable of phosphorylating Tps1 whereas cAPK from
yeast would be. However, using bovine cAPK as a substitute for endogenous cAPK is a
commonly accepted procedure in phosphorylation studies. Phosphorylation of Tps1 by
cAPK is also unlikely since its amino acid sequence contains no consensus site for
cAPK-phosphorylation (Arg-Arg-X-Ser). Interestingly also none of the other subunits of
the Tre6P synthase/phosphatase complex contain this specific site. Taken together, it is
very unlikely that Tps1 would be regulated by phosphorylation through cAPK in vivo.
This finding is in agreement with the study of Vandercammen ez al. (1989) who also de-
tected no cAPK-dependent phosphorylation of Tps1.
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DISCUSSION

Based upon the initial physiological analysis of a null mutant, it was proposed that
Rim15 plays a critical role in a nutrient signaling pathway involved in the control of the
transition to stationary phase. Moreover, it was suggested that the signaling pathway in
question may be the Ras/cAMP pathway (see Chapter II). The results presented in the
present chapter confirm and extend this hypothesis. They are most simply explained by a
model in which Rim15 functions in the Ras/cAMP pathway downstream and under nega-
tive control of cAPK to regulate a number of physiological adaptations required for
proper stationary phase entry. The following observations support this model.

(i) Deletion of RIM15 suppressed the growth defect at elevated temperatures of a
temperature-sensitive adenylate cyclase mutant (cdc35-10). Moreover, deletion of RIM15
rendered cells independent of cAPK activity, demonstrated by the fact that a tpk riml5 A
strain was viable. (ii) Overexpression of RIM15 partially induced a starvation response in
exponentially growing wild-type cells, complemented the defects in trehalose accumula-
tion, in induction of SSA3 expression, and in acquisition of thermotolerance of a bcyl-1
mutant, and exacerbated the temperature-sensitive growth defect of strains compromised
for cAPK activity (cdc35-10). (iif) Rim15 protein kinase activity was strongly inhibited
by cAPK-dependent phosphorylation in vitro.

Some of the results described in the present chapter seem to be at variance with the
above postulated model, because they revealed that the consequences of loss of RIM15
were not completely identical to those of hyperactivity of cAPK. For instance, RAS2vall9
and bcyl are known to result in complete inability to accumulate glycogen and to cause
constitutive activation of trehalase and gluconeogenic growth defects, but this is not the
case for riml5A. This contradiction can be reconciled with the model by assuming that
cAPK constitutes a point of divergence in the Ras/cAMP pathway. This would
acknowledge the fact that rimI54 is epistatic to tpk with respect to some phenotypes
(trehalose accumulation, induction of SSA3, HSP12, and HSP26, and thermotolerance)
but not to all (glycogen accumulation and trehalase induction). The finding that rimi54
cells contained low levels of glycogen in stationary phase may then seem contradictory.
However, one possible explanation for this result would be that not only cAPK nega-
tively controls Rim15 activity but that Rim15 in turn is involved in mechanisms of cAPK-
feedback inhibition. This possibility should certainly be investigated in more detail in the
future. One other interesting observation was made while studying the effects of loss of
RIM]I5 in a strain background with constitutively low, unregulated cAPK activity (1pk").
In contrast to the tpk riml5 A strain, which accumulated very low levels of trehalose, did

not acquire thermotolerance, was partially sensitive to starvation, and did not induce
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expression of SSA3, HSPI2, and HSP26 in stationary phase, a tpkWriml5 A strain
accumulated high amounts of trehalose, was highly thermotolerant, insensitive to
starvation, and able to partially induce expression of SSA3, HSP12, and HSP26 under
the same conditions (Table 2). Therefore, clearly riml15 A was not able to suppress fpk"
in the same way as complete loss of cAPK. This may indicate that unregulated cAPK (i.e.
Tpk"™), when it is active during a stage where it would normally be inactivated by being
bound to Beyl (i.e. stationary phase), is able to directly or indirectly (by activating an
unidentified alternative pathway) interfere with targets usually under control of Rim15.
Further studies will be necessary to corroborate this explanation.

Other pathways with partially overlapping or antagonistic functions with the
Ras/cAMP pathway have been identified. The so-called main glucose repression pathway
is the most intensively studied one of these pathways. A key role in this cAMP-
independent pathway is played by the Snfl protein kinase. Snfl acts upon transcription
factors such as the Migl repressor that prevents the expression of for instance
gluconeogenic genes during growth on glucose (for a review see Ronne, 1995). But not
all functions of Snfl are exerted via Migl and it has been shown that Snfl may mediate
thermotolerance, starvation resistance, glycogen accumulation and proper G; arrest upon
glucose exhaustion in a cAPK-antagonistic way (Thompson-Jaeger et al., 1991; Timblin
et al., 1996; Huang et al., 1996). In addition, two other genes coding for protein kinases
have been identified through genetic screens for growth related effectors of cAPK, YAK]
and SCH9 (Toda et al., 1988; Garrett and Broach, 1989). Overexpression of SCH9 and
deletion of YAK]I are able to suppress the growth defect of strains lacking cAPK. Both of
these kinases, however, are most likely elements of separate nutrient signaling pathways
which are acting in parallel with the Ras/cAMP pathway (Garrett ef al., 1991; Denis and
Audino, 1991; Hartley ef al., 1994). Formally it must be considered whether Rim15
could also act through one of these alternative pathways. Results presented in this chapter
indicate that at least Rim15 and Yak] are elements of separate pathways. Deletion of
YAK]1 did not exacerbate the phenotype of a riml5 strain (both in a strain with and
without cAPK) for trehalose accumulation, as well as for thermo- and starvation tolerance
and the two mutations did not have a synergistic effect. Rim15 could therefore in
principle also act downstream of Yakl. Nevertheless, the fact that Rim15 can be
phosphorylation-inactivated by cAPK in vitro, in addition with the results of the analyses
of epistasis with the Ras/cAMP pathway strongly supports the idea that Rim15 constitutes
the first protein kinase being a downstream effector of CAPK in S. cerevisiae.

Current knowledge indicates that Rim15 may further be under regulation by cAPK-
independent mechanisms. This is underlined by two observations. First, Rim15 was not
fully inhibited by cAPK-phosphorylation in vitro. Second, overexpression of the cAPK-
unresponsive riml55%RRXS/A) mutant gene compared with overexpression of the wild-
type gene, caused no additional effects in exponentially growing cells (data not shown).



CHAPTER ITT 130

However, this latter observation could also be explained by assuming that the level of
overexpression in log-phase cells is so high that already the increased level of wild-type
Rim15 is sufficient to escape downregulation by cAPK and expression of a putatively
overactive allele has therefore no additional effects. This explanation seems plausible
since it is known that during growth on glucose only very low amounts of RIM15 mRNA
and Rim15 protein are present in the cells (Vidan and Mitchell, 1997; this study). How-
ever, the relatively moderate effects caused by RIM15 overexpression in exponentially
growing cells, make it also likely that other posttranscriptional or posttranslational factors
influence Rim15 activity. These could downregulate Rim15 protein levels in log-phase,
for instance by mRINA degradation or proteolysis. It is also possible that specific activat-
ing elements of Rim15 are lacking in cells growing on glucose. Also, active cAPK may
relieve some of the consequences of RIM15 overexpression in an indirect manner (e. g.
through activation of trehalase). It should be expected that the full induction of stationary
phase adaptations depends upon a number of signaling events that have to be integrated in
order to yield the response. Strong overactivity of one element, e.g. Rim15, would not
and should not be sufficient to override the input from other control elements, this way
providing some sort of insurance system for the cells.

Another important question raised in this chapter, was whether Tpsl may be a di-
rect target of Rim15. This idea is supported by two lines of evidence. First, Tps1 and
Rim15 interacted in a two-hybrid analysis. Second, as it has already been pointed out in
the Discussion of Chapter II, the observed lack of induction of trehalose accumulation in
stationary phase riml5A strains suggests Rim15-dependent posttranslational Tps1-regula-
tion. This suggestion is supported by the finding that even though rim154 cells had nor-
mal levels of the enzymes responsible for trehalose synthesis (Tre6P synthase and Tre6P
phosphatase), they were virtually unable to accumulate trehalose in vivo. Remarkably,
trehalose accumulation in stationary phase was largely independent of the presence of
cAPK but dependent upon Rim15. This can be concluded from the observation that in
stationary phase a tpk yakl strain contained very high levels of trehalose while a tpk
riml5 A strain accumulated very little trehalose (Table 1).

The trehalose content of yeast cells is correlated with the activity of the Ras/cAMP
pathway: high activity of cAPK coincides with low levels of trehalose, low cAPK activity
coincides with high levels of trehalose (Toda et al., 1985; Hottiger et al., 1989; see also
General Introduction). Therefore it had been speculated earlier that both the catabolism
and the synthesis of trehalose could be regulated by the Ras/cAMP pathway in an
antagonistic manner (Panek et al., 1987, see also General Introduction). While neutral
trehalase has been shown to be phosphorylation-activated i vitro by cAPK, the evidence
presented for a direct regulation of Tre6P synthase by cAPK-phosphorylation has been
doubtful (Uno ez al., 1983; Panek et al., 1987; Vandercammen et al., 1989). Also in the
present study, no in vitro phosphorylation of bacterially expressed, purified Tps1 could
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be detected after incubation in the presence of cAPK. However, trehalose synthesis may
still be controlled through the Ras/cAMP pathway, not by phosphorylation-inactivation of
Tre6P synthase by cAPK but instead by phosphorylation-activation by Rim15. In
accordance with such a model, it could then be predicted that hyperactive cAPK (e.g. in a
bcyl mutant) would prevent trehalose accumulation not only by constantly activating
trehalase but also by inhibiting Rim15, and consequently Tre6P synthase activity. A
strain with low cAPK activity would then have high levels of trehalose because in
addition to failing to activate trehalase, it would also not, or to a lesser degree restrict
Rim15 activity and thereby stimulate trehalose synthesis. Accordingly, overexpression of
Rim15 induces trehalose synthesis to some extent in exponentially growing wild-type
cells (which have active cAPK), and suppresses the lack of trehalose accumulation in a
beyl-1 strain in stationary phase, despite the presence of constantly active neutral
trehalase.

The exact influence of Rim15 on trehalose synthesis remains to be elucidated. No
phosphorylation of Tpsl by Rim15 was detected ir vitro. This could be due to the fact
that both proteins were expressed as fusion proteins and may therefore have altered bio-
chemical properties. Other biochemical data to corroborate the results from the initial two-
hybrid analysis are currently not available. The coprecipitation studies detected physical
interaction between Tps1 and Rim15 but the interpretation of this result remains difficult,
since it could not be resolved from other, clearly unspecific interactions. Future studies
should try to resolve the technical problems encountered in these experiments in order to
make a clear-cut statement.

One further possibility needs to be taken in account. The detected weak two-hybrid
interaction between Tps1 and Rim15 may well signify a more indirect action of Rim15. It
could be speculated that Rim15 binds to Tps1 but phosphorylates other parts of the Tre6P
synthase/phosphatase complex and influences trehalose synthesis in this way. Likely
candidates for phosphorylation by Rim15 are the two large subunits, Tps3 and Tsl1. Not
only have they been implied in having regulatory functions, but they have also found to
be highly homologous to each other (Vuorio et al., 1993; Ferreira et al., 1996; Reinders
et al., 1997; Bell et al., 1998). This makes it likely that they contain sites specific for
Rim15-dependent phosphorylation found both in Tps3 and Tsl1, but not in the other sub-
units.

One of the consequences of loss of RIM15 was a severe reduction of sporulation
(see Chapter II), a phenotype that is also found in strains with hyperactive cAPK. It has
been a long-standing suggestion that the Ras/cAMP p.athway exerts nutritional control
over the initiation of meiosis (Matsumoto et al., 1983a), but the exact nature of this con-
trol has not been unraveled. A recent publication now described the identification of
Riml15 as a positive regulator of the expression of early meiotic genes and of the induc-
tion of sporulation (Vidan and Mitchell, 1997). Consequently, another exciting outcome
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of this study is the possibility that Rim15 may confer the missing link between the
Ras/cAMP pathway and early meiotic gene expression.
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GENERAL DISCUSSION

Trehalose metabolism in S. cerevisiae has received growing interest in recent years
for two reasons: First, it was found that the accumulation of trehalose is part of the stress
response of yeast and that accumulation of this metabolite renders cells more resistant to
the adverse effects of various forms of stresses, such as heat or desiccation (Van Laere,
1989; Wiemken, 1990). By studying the accumulation of trehalose in response to stress
and comparing the contribution of this factor to the acquisition of stress tolerance
(thermotolerance) with the contributions of other factors like hsps, much has been learned
about the strategies by which yeast survives adverse conditions. Second, the key en-
zymes of trehalose metabolism have been shown to be regulated by and involved in im-
portant signaling pathways in S. cerevisiae. While the trehalose degrading enzyme neutral
trehalase has been shown to be activated through phosphorylation by cAPK ir vitro (Uno
et al., 1983; App and Holzer, 1989), the Tre6P synthase seems to have an important role
besides trehalose synthesis in regulating the glycolytic flux (Van Aelst et al., 1993; Bell et
al., 1992; Thevelein and Hohmann, 1995). Studies of the regulation of neutral trehalase
by phosphorylation, have resulted in considerable progress in the understanding of the
mechanisms of nutrient-induced signal transduction. It may therefore be expected that
studies of the regulation of Tre6P synthase may also broaden our general understanding
of nutrient signaling processes in yeast, in particular because of the unexpected and still
not fully understood role of the Tre6P synthase in the regulation of glycolysis.

Because the observed pattern of trehalose accumulation, which was found to be
negatively correlated with the growth rate, predicts a tight regulation of the involved en-
zymes, many groups have tried to unravel the underlying mechanisms. Despite the con-
certed efforts of several labs, the exact factors regulating the activity of Tre6P synthase
and thereby the accumulation of trehalose, have not been unequivocally identified (see
Introduction of Chapter II for details). Therefore, in the present thesis two different ap-
proaches have been used directed at elucidating the regulatory processes of trehalose
synthesis in S. cerevisiae. In a first approach (Chapter I), structure and function of the
Tre6P synthase/phosphatase complex and of its subunits under the conditions of a sub-
lethal heat shock were studied in detail. In a second approach (Chapter II), the yeast two-
hybrid system was employed in order to identify potential regulators of Tps1, the Tre6P
synthase. This second approach led to the isolation of a gene coding for a new protein ki-
nase, Rim15. Results obtained so far suggest that Rim15 is a regulator of trehalose syn-
thesis in S. cerevisiae. Moreover, it could be shown that Rim15 activity is negatively
regulated by cAPK, the central enzyme of the Ras/cAMP pathway. This important nutri-
ent signaling pathway has been suggested previously to regulate the trehalose content of
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yeast cells through the activation of neutral trehalase and/or inactivation of Tre6P syn-
thase/phosphatase (Uno et al., 1983; Panek er al., 1987; Frangois et al., 1991; Thevelein,
1996).

Who is who in trehalose synthesis - the roles of Tpsl, Tps2, Tps3, and Tsli

Despite the fact that the basic mechanism of trehalose synthesis in S. cerevisiae has
already been clarified 40 years ago (Cabib and Leloir, 1958), the actual identification of
the enzymes catalyzing this process has only been achieved recently and with the aid of
molecular biology (Bell et al., 1992; De Virgilio et al., 1993; Vuorio et al., 1993;
McDougall et al., 1993). Analyses by classical biochemical methods had been rendered
difficult by the fact that Tre6P synthase and Tre6P phosphatase purified as parts of a large
multimeric protein complex, which was very sensitive to proteolytic degradation during
purification (Vandercammen et al., 1989; Londesborough and Vuorio 1991; Bell et al.,
1992; De Virgilio et al., 1993). The systematic approach using deletion mutants and the
two-hybrid system, as presented in this thesis, now allowed us to assess the roles of the
single subunits both in vive and in vitro, making it finally possible to seitle some time-
honored disputes (see Chapter I).

The identity of Tps1 with the Tre6P synthase had been questioned because of the
surprising finding that TPS1 is allelic to a number of known mutations believed to be in-
volved in the regulation of glycolytic flux (Gonzéles et al., 1992; Bell et al., 1992; Van
Aelst et al., 1993). Here we have demonstrated convincingly that Tps1 has Tre6P syn-
thase activity in vitro as well as in vivo. Moreover, it was also shown that none of the
other subunits has Tre6P synthase activity, despite the extensive sequence homologies of
TPS2, TPS3, and TSLI with TPS1. The biological significance of these homologies re-
mains to be investigated, but it has been suggested that they may have a role in the
oligomerization of the complex (Thevelein and Hohmann, 1995).

The identity of Tps2 with the Tre6P phosphatase has not been seriously challenged,
since deletion of TPS2 caused yeast cells to accumnulate high amounts of Tre6P instead of
trehalose during heat shock and in stationary phase (De Virgilio et al., 1993). In fact,
Londesborough and Vuorio (1993) have been able to separate the 102 kDa subunit, later
identified as Tps2, from the complex and have shown that it has Tre6P phosphatase ac-
tivity. We could confirm that Tps2 is the Tre6P phosphatase by showing that its deletion
always caused accumulation of Tre6P under condition of heat shock as long as cells con-
tained an intact Tpsl. The fact that the in vitro activity of the Tre6P phosphatase was
strongly affected by #psla, but virtually unaffected by 7ps34 or tsl] 4, indicates that Tps2
may need binding to Tps1 for its optimal activity.
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While the presence of Tsll in the complex is known from enzyme purification, the
possibility of Tps3 being a fourth subunit of the complex has only been discussed on the
basis of its homologies with Tsl1 (Vuorio et al., 1993; Thevelein and Hohmann, 1995).
Now we were able for the first time to present evidence that Tps3 is indeed a functional
component of the Tre6P synthase/phosphatase complex, by showing that it not only
binds to Tpsl and Tps2 in a two-hybrid assay but also that its deletion in a zslia
background seriously affected trehalose accumulation during heat shock. Moreover, in
collaboration with the group of Thevelein we were also able to demonstrate that the loss
of both large subunits seriously destabilized the binding between Tps1 and Tps2 (as seen
by the Superose 6-FPLC elution profile and subsequent immunoblot analysis; Bell et al.,
1998). Besides this function in conferring the structural integrity of the complex, Tps3
and Tsl1 also affect the susceptibility of Tps1 to inhibition by phosphate. Earlier, Vuorio
et al. (1993) concluded that Tsl1 is responsible for mediating the observed allosteric ef-
fects of Fru6P and phosphate on the Tre6P synthase activity since these effects were lost
by partial truncation of Tsl1 in vitro. Here we found that fps34 alone had no influence on
phosphate inhibition of Tre6P synthase, sI14 alone diminished this inhibiting effect, and
a tps34 tsl] A strain combined converted the inhibitory effect into an activatory effect. The
implications of these observations for the role of Tpst in glycolysis are discussed below
(Bell et al., 1998, my own results, not shown). In another recent study, a tsl/aor atslia
tps34, but not a 1ps34 strain, were shown to be affected in their ability to induce Tre6P
synthase activity upon stationary phase entry (Ferreira et al., 1996), indicating a particular
role for Tsl1 in stationary phase. In accordance with this notion, TSLI expression, unlike
TPS1, TPS2, and TPS3 expression, was found to be strongly enhanced in stationary
phase (Winderickx et al., 1996). This may also account for the fact that only Tsl1 protein
has been purified in earlier studies, since these purifications were generally performed
from stationary phase cells (e.g. Bell er al., 1992). Taken together, is clear that despite
the observed homologies and the functional overlaps, Tsll and Tps3 have very distinct
roles which depend on the physiological conditions.

The dual role of Tpsl- new insights

Our detailed studies of the various deletion mutants of the subunits of the Tre6P
synthase/phosphatase complex have confirmed that Tps1 has a unique role during growth
on rapidly fermentable carbon sources. Deletion of none of the other subunits caused a
glucose-negative phenotype similar to the one conferred by #psiA. Also, this defect was
not suppressed by deletion or overexpression of any of the other subunits (Bell er al.,
1998; my own results, not shown). The putatively dual role of Tps1 both as Tre6P syn-
thase and as a regulator of glycolysis has been a puzzle to many groups over the years.
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Three models have been proposed to explain the observed pleiotropic phenotype of a
1ps]A strain, namely (i) the 'general glucose sensor' model, (ii) the phosphate recovery
hypothesis, and (iii) the hexokinase inhibition model (Thevelein and Hohmann, 1995; see
also General Introduction for details). Thevelein and Hohmann (1995) have already
pointed out that model (i) and (iii) could be easily merged by assuming that Tps associ-
ates with hexokinases and that it exerts its proposed regulatory effects by inhibiting these
enzymes via synthesized Tre6P. In the light of new insights resulting from this and other
recent studies, this idea seems very attractive. In the following section the conceptual ad-
vantages of such a combined model and the evidence supporting it will be discussed
briefly:

Our findings and the results of our collaborators indicate that Tpsl can function
without the other subunits present and that it occurs as a free subunit in wild-type cells
(this study, Bell et al., 1998). This is one prerequisite of the proposed model. The find-
ing that the free Tps1 was stimulated instead of inhibited by phosphate, underscores the
assumption that it has a function that is different from the complex-bound Tps1 (Bell et
al., 1998). It also indicates that free Tpsl may be active when the Tre6P syn-
thase/phosphatase complex is not. This in turn solves the problem that Tre6P synthase
activity is downregulated upon glucose addition (Frangois et al., 1991), because free
Tps1 may not be affected in the same way. It has been observed that at the onset of
fermentation wild-type cells contain high phosphate concentrations, which would
stimulate the activity of the free Tps1. Accordingly, as metabolism becomes adjusted to
fermentation, and phosphate levels start to decline Tre6P-mediated hexokinase inhibition
would be reduced by downregulation of the activity of free Tps1 (Van Aelst et al., 1993).
In this context, it has been shown that very little Tre6P synthase activity was sufficient to
overcome the effect of 7psi4 (about 10% of the wild-type level; Hohmann et al., 1994).
This can also be explained if not trehalose synthesis is needed to recover phosphate, but
Tre6P synthesized by Tps1 in close association with hexokinases. Finally, this proposed
model can also resolve two conceptual problems of earlier explanations. First, no
intensive futile cycling of trehalose needs to be proposed, since not the Tps1 in the Tre6P
synthase/phosphatase complex but the free Tps1 would be active. Second, the fact that no
or very little Tre6P can be detected in wild-type cells growing on glucose (Hohmann ez
al., 1996) is no contradiction to inhibition of hexokinases in vivo by this metabolite, since
the free Tpsl is expected to associate with the hexokinases directly and, therefore,
probably a very high Tre6P concentration can be reached locally. In spite of the
attractiveness of the proposed model, at the moment no evidence for a direct binding of
Tps1 to hexokinases has been demonstrated, which is undoubtedly a main drawback.
However, it should be relatively easy to test the proposed interaction by means of the
two-hybrid system.
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Inhibition of S. cerevisiae hexokinases by Tre6P has been demonstrated in vitro
(Blazquez et al., 1993). In addition, 2 model in which Tps1 restricts hexokinases through
Tre6P is also indirectly supported through results obtained from other fungi.
Accordingly, it was found that the in vitro sensitivity of hexokinases towards Tre6P
correlated well with the in vivo effect of TPS! deletion. For instance, hexokinases in S.
pombe were found to be inhibited in vitro by Glu6P (like in mammalian cells) but, unlike
in S. cerevisiae, not by Tre6P and the corresponding #ps/ mutant was not defective for
growth on glucose (Blazquez et al., 1994). Similarly, hexokinases in A. niger were
found to be weakly inhibited in vitro by Tre6P and the corresponding Tre6P synthase
mutant (zpsA) mutant was only weakly defective for growth on glucose (Arisan-Atac ef
al., 1996; Wolschek and Kubicek, 1997).

Most interestingly, recent results suggest that a similar control mechanism involving
low amounts of Tre6P for the regulation of sugar influx into glycolysis might also exist in
higher plants. This idea is supported by the following line of evidence: Accumulation of
relatively low amounts of trehalose in transgenic tobacco plants overexpressing the Tre6P
synthase and Tre6P phosphatase genes from E. coli (otsA and otsB) cause strong mor-
phological effects (e.g. stunted growth, lancet-shaped leaves), which might indicate that
Tre6P has a function as a signal molecule in plants (Goddijn ez al., 1997). This is further
corroborated by the finding that plants contain homologs of TPSI and TPS2, and that
they synthesize low amounts of trehalose when treated with the trehalase inhibitor vali-
damycin (Goddijn ez al., 1997; Bldzquez et al., 1998; Vogel et al., 1998). This in turn
indicates that trehalose synthesis may occur naturally in plants, even though the amounts
accumulated may be so low that they escape detection under normal circumstances. Since
plant hexokinases have been indicated to play a central role in sugar sensing and in the
regulation of sugar induced gene expression, it will be highly interesting to determine
whether they could be regulated by Tre6P similar to the yeast model (for reviews see Jang
and Sheen, 1994; Smeekens and Rook, 1997). Clearly more work needs to be done to
verify this suggested regulatory mechanism in plants. Should it hold true, it would be yet
another impressive example for the power of elucidating signaling pathways in S. cere-
visiae and applying the findings to more complex organisms.

The regulation of trehalose synthesis and RIM15

One of the aims of the present Ph.D. thesis was the identification of potential regu-
lating proteins of Tre6P synthase. The existence of posttranslational regulation mecha-
nisms for the induction of Tre6P synthase activity was predicted by earlier results, for in-
stance by the finding that inhibition of protein synthesis during a heat-shock treatment
only partially reduced the activation of Tre6P synthase in vitro as well as the resulting ac-
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cumulation of trehalose in vivo (Hottiger, 1988; De Virgilio et al., 1991b). Interestingly,
by means of two-hybrid analysis we have identified a new gene which encodes a protein
kinase (Rim135), whose deletion results in a highly pleiotropic phenotype, including a de-
fect in trehalose accumulation in stationary phase. Even though the exact mechanism by
which Rim135 influences trehalose accumulation in stationary phase has not been fully
clarified (see below), it is still possible to draw some basic conclusions on the regulation
of trehalose synthesis from the results presented in Chapters II and IIL. One conclusion is
that different regulatory mechanisms influence trehalose accumulation in stationary phase
and under heat-shock conditions. Trehalose accumulation in stationary phase was shown
to be dependent on Rim15, since rim/54 cells failed to accumulate trehalose when glu-
cose was depleted from the medium. However, the same riml54 cells were not impaired
in their ability to induce trehalose synthesis in response to a mild heat shock, neither in
stationary nor in log-phase. Based on the finding that RIM15 is only weakly expressed in
cells growing on glucose, and that Rim15 protein is virtually absent from these cells it is
not surprising that riml34 did not cause any notable effect on trehalose synthesis in log-
phase cells (Vidan and Mitchell, 1997; this study).

A comparison of trehalose synthases between S. cerevisiae and other fungal species
reveals that some fungi, such as A. niger and C. utilis possess two differently regulated
Tre6P synthases (Vicente-Soler et al., 1989, 1991; Wolschek and Kubicek, 1997). In the
case of A. niger, transcription of one of these Tre6P synthases (¢psB) is strongly en-
hanced during heat shock, while the other one (zpsA) is constitutively expressed, indicat-
ing that in this fungus two enzymes are performing the function of Tps1 in S. cerevisige.
It is therefore not surprising to find that in S. cerevisiae Tre6P synthase is controlied by at
least two different mechanisms, one which regulates the response to sudden stresses such
as a mild heat shock, and another which regulates the response to slow nutrient depletion.

The two-hybrid data suggest a direct interaction between Tps1 and Rim15, and the
observed effects of riml54 upon trehalose accumulation during stationary phase entry
support this idea. However, so far no further evidence for a direct regulation of Tre6P
synthase activity by Rim15, i.e. by phosphorylation, could be obtained. While this may
easily be due to the conditions chosen for these assays (as pointed out in Chapter III), it
could also be possible that Rim15 binds to Tps1 but phosphorylates one of the other sub-
units of the complex. Another possibility is that the detected binding of Rim15 and Tps!
in the two-hybrid system was mediated by a third protein, that functioned as a 'bridge’
between them. Again, this hypothetical third protein could be a component of the Tre6P
synthase/phosphatase complex. The recent findings on the importance of Tsl1 and Tps3
for the structure and function of the Tre6P synthase/phosphatase complex (see above)
make it tempting to speculate that these subunits, especially Tsl1, may be direct targets of
Rim15 (this study; Bell ez al., 1998). This possibility should therefore be examined in
future studies.
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Regulation of trehalose metabolism in S. cerevisiae has been linked to the activity of
the Ras/cAMP pathway before. The idea of a direct influence of this pathway on trehalose
accumulation was strongly supported by the demonstrated cAPK-dependent phosphory-
lation of neutral trehalase in vitro (Uno et al., 1983; App and Holzer, 1989). We have not
been able to find evidence for the long-standing suggestion that cAPK directly regulates
Tre6P synthase by phosphorylation (no phosphorylation of isolated Tps1 was detectable
after incubation with cAPK). However, since Rim15 was found to be a downstream ef-
fector of cAPK in the Ras/cAMP pathway (see below), it may be possible that the induc-
tion of trehalose synthesis upon stationary phase entry is controlled through this pathway
viaRim15. How exactly Rim15 regulates the activity of the Tre6P synthase/phosphatase
complex on a molecular basis still remains to be elucidated, as has been pointed out
above.

The role of Riml15 in stationary phase entry

Deletion of RIM15 was shown to confer a pleiotropic phenotype in cells that were
starved for glucose (and to a lesser extent if starved for nitrogen). In addition to the de-
scribed defect in trehalose accumulation, this phenotype also included the failure to accu-
mulate glycogen, to arrest properly in Gy, to induce expression of SSA3, HSPI12, and
HSP26 (genes under negative control of cAPK), and to acquire thermo- as well as star-
vation tolerance. These findings strongly suggest that Rim15 may be part of a nutrient
signaling pathway and that loss of its function prevents the cells from entering stationary
phase properly. Since the phenotype of a riml5A4 strain was similar to the phenotypes
conferred by hyperactivity of cAPK (e.g. by bcyl), it was further investigated whether
Rim15 could have a role in the Ras/cCAMP pathway. Results obtained from analyses of
epistasis and kinase assays with Rim15 and cAPK in vitro are most simply explained
with a model in which Rim15 acts downstream of and under negative contro! of cAPK to
control stationary phase entry. In the following paragraphs the suggested model (see Fig-
ure 1) and the evidence supporting it will be explained in more detail:

Several lines of evidence suggest that log-phase cells growing on glucose have only
very low levels of Rim15 activity ir vivo: First, riml5A4 cells had no obvious phenotype
in cells growing on glucose. Second, RIM15 itself has been shown to be under glucose-
repression (Vidan and Mitchell, 1997; this study). Third, based on our finding that
Rim15 activity is inhibited by cAPK phosphorylation in vitro and on the fact that cAPK is
highly active in log-phase cells, Rim15 activity is expected to be downregulated in these
cells. Fourth, preparations of GST-Rim15 from log-phase cells yielded always largely
degraded GST-Rim15 protein, while preparation from stationary phase cells yielded sta-
ble GST-Rim15 protein (this study, data not shown, see also Vidan and Mitchell, 1997;
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see also below). Fifth, overexpression of a potentially c APK-unresponsive RIMI5-allele
(rim15°*RRXS/A)) induced the same partial starvation response in wild-type cells during
log-phase as overexpression of RIM15 suggesting the presence of yet unidentified post-

translational regulatory mechanisms.
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Figure 1: Model of the cAMP-dependent protein kinase (cAPK) - Rim15 pathway. Glu-
cose-repression of RIM15 as well as posttranslational inhibition via cAPK-dependent
phosphorylation, and potentially an additional yet to be identified mechanism, results in
low Rim135 kinase activity in log phase. During the post-diauxic shift, glucose derepres-
sion of RIMI5 (illustrated by the increase in size of the Rim15 protein), downregulation
of cAPK-dependent inhibition, and potential activation by yet to be identified mechanisms
result in high Rim15 kinase activity. Rim15 acts as a positive regulator of stationary
phase entry and, consequently, as a negative regulator of growth. An arrow indicates a
positive interaction, a bar indicates a negative one. Bold arrows and bars denote high ac-
tivity. Dashed arrows and bars refer to potential interactions. Accumulation of trehalose
and glycogen is indicated with bold letters. Inactive proteins are on white, active proteins
on shaded background. Nth1, Tps1, and Tps2 denote neutral trehalase, Tre6P synthase,
and Tre6P phosphatase, respectively.

During the diauxic shift, when glucose is depleted from the growth medium and the
cAMP level drops, cAPK becomes inhibited, through binding to the regulatory subunit
Bceyl. Consequently, inhibition of Rim15 is relieved and Rim15 can induce a number of
adaptations necessary for proper stationary phase entry. These include arrest in Gy, ac-
cumulation of trehalose, acquisition of thermotolerance and expression of SSA3, HSPI2,
and HSP26. The following results support this part of the model: First, deletion of
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RIM15 suppressed the effects of mutations that inactivate cAPK (cdc35-10, tpk; this
study, Chapter III). Second, overexpression of RIMI5 exacerbated the effects of muta-
tions that inactivate cAPK (cdc35-10; this study, Chapter ITI) and suppressed the effects
of mutations that constitutively activate cAPK (bcyl-1; this study, Chapter III). Third, a
riml54 strain failed to arrest properly in Gj (this study, Chapter II), indicating that
growth arrest upon stationary phase entry depends, at least partially, upon Rim15.

Nevertheless, not all responses to nutrient starvation are mediated via Rim15,
which was shown by the fact that rim154 suppressed some but not all phenotypes of a
strain without functional cAPK (this study, Chapter III). While a tpk rim15A4 strain failed
to accumulate trehalose, did not induce expression of SSA3, HSP12, and HSP26, and
was thermosensitive, it still hyperaccumulated glycogen and was only partially sensitive
to starvation. Consequently, we suggest that Rim15 constitutes a branching point in the
Ras/cAMP pathway. Further, Rim15-activating mechanisms are proposed, since overex-
pression of RIM15 in exponentially growing cells only partially induced a starvation re-
sponse (as seen by the induction of trehalose synthesis, SSA3-induction and acquisition
of thermotolerance), which may indicate that these Rim15-activating factors are absent
from cell growing on glucose (and/or that Rim15 inactivating factors are present, see
above). Such an activating factor could for instance be a protein phosphatase. Elucidating
the role and identity of these additional factors impinging on Rim15 should be one of the
goals in the future.

At this point it should also be noted, that our model indirectly predicts that inhibi-
tion of Rim15 activity should be a necessary step for cells reentering mitosis. In support
of this model, it has recently been shown that Ras protein activity is required for spore
germination in yeast, in order to initiate reentry into the cells cycle. Temperature-sensitive
mutants that deactivate the Ras/cAMP pathway (cdc25-1, ras2-23, and cdc35-1) were un-
able to germinate at the nonpermissive temperature (Herman and Rine, 1997). In accor-
dance with our model, these phenotypes can be interpreted as a consequence of the failure
of the cells to inactivate Rim15.

Does Rimli5 have a role in a general stress response ?

The Ras/cAMP pathway is also involved in the general stress response of S. cere-
visiae. Yeast cells with constitutively active cAPK (bcy!) fail to acquire thermotolerance
in response to a mild heat shock, while cells with reduced cAPK activity (cyr/-2) consti-
tutively synthesize some heat shock proteins and are thermotolerant (Shin ez al., 1987).
Many genes that are induced during stress response have been shown to be under nega-
tive control of cAPK, for instance SSA3, CTTI, and HSPI12 (Boorstein and Craig,
1990b; Praekelt and Meacock, 1990; Wieser et al., 1990). These genes have in common
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that their promoters contain a cAMP-responsive element, also called STRE (Marchler et
al., 1993). Recently, it has been demonstrated that gene expression in response to many

iy b forred by the Man?/Man4 transcrintion factors via STREs (Martinez-
Pastor et al., 1996). During exponential growth cAPK activity is high and therefore in-
hibits the induction of a stress response. Consequently, it has been suggested that during
adverse growth conditions cAPK activity would be lowered by yet unknown mechanisms
which would then allow the cell to switch from growth to stress response (Siderius and
Mager, 1997). From what we know, Rim15 seems to play a minor role in this general
stress response in log-phase cells, which can also be explained by RIM15 being under
(partial) glucose repression (Vidan and Mitchell, 1997; this study). Accordingly, no effect
of rim154 was detected in heat-shocked cells with respect to trehalose accumulation or the
acquisition of thermotolerance.

Possible relationship of Rim15 to other nutrient signaling pathways

Other pathways with partially overlapping or antagonistic functions with the
Ras/cAMP pathway have been identified. The best studied one of these alternative path-
ways is the main glucose repression pathway. Like the Ras/cAMP pathway it is involved
in regulating the metabolic switch from fermentative to gluconeogenic growth. In contrast
to the Ras/cAMP pathway, the main glucose repression pathway is regulated by the Snfl
protein kinase and does not involve cAMP as a second messenger. The role of Snfl in
glucose repression can be largely explained by its negative control of transcription factors
involving DNA-binding proteins such as Mig1 (for a review, see Ronne, 1995). How-
ever, not all functions of Snfl are mediated by Migl, and it has recently been suggested
that Snfl may have functions which may partially overlap with the ones of the Ras/cAMP
pathway. Accordingly Snfl was found to control thermotolerance, starvation resistance,
glycogen accumulation and proper G arrest upon glucose exhaustion in a cAPK-antago-
nistic way (Thompson-Jaeger et al., 1991; Timblin ez al., 1996; Huang et al., 1996).
Two other genes with significant homology to protein kinases, YAK] and SCHY have
been isolated in screens for growth-related effectors of cAPK (Toda et al., 1988; Garret
and Broach, 1989). Current knowledge suggests that their corresponding gene products
confer separate nutrient signaling pathways, acting in parallel with the Ras/cAMP path-
way (Toda et al., 1988; Garrett et al., 1991; Thompson-Jaeger et al., 1991; Hartley et al.,
1994).

Other recently discovered pathways that may be involved in nutrient signaling and
growth control are the Tor pathway and the Whi2 pathway. The central elements of the
Tor pathway are the two homologous phosphatidylinositol protein kinases Tor! and
Tor2. Tor seems to be required to signal the availability of nutrients and consequently a
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lack of this signal results in growth arrest and stationary phase. Therefore, loss of Tor
triggers a cellular response that is reminiscent of cells entering stationary phase, for in-
stance arrest in early G1, severe reduction of protein synthesis, hyperaccumulation of
glycogen, acquisition of thermotolerance, enlargement of the vacuole, and the transcrip-
tional induction or repression of certain genes (Hall, 1995; Barbet et al., 1996). The same
kind of response is also conferred by treatment of wild-type cells with rapamycin, while
TOR mutants are insensitive to rapamycin. Even though the mode of action of Tor has not
been clarified in detail, it could be demonstrated that the primary role of Tor seems to be
to control general protein synthesis and thereby general growth. The Gy arrest observed
in for mutants would then be a secondary effect of the lack of protein synthesis needed at
all stages of the cell cycle but especially during G1 progression (Barbet e al., 1996). The
effects of loss of Tor function are similar to the effects that we observed in cells overex-
pressing RIM15. Consequently, while Tor activates growth by signaling the presence of
nutrients, Rim15 inactivates growth by signaling the absence of nutrients. It is therefore
possible that Tor and Rim15 act in an antagonistic way in order to prevent early G| pro-
gression and growth in the absence of nutrients. However, Tor seems not to act via the
Ras/cAMP pathway (Barbet ez al., 1996) and preliminary results (data not shown)
contradict the idea that Tor and Rim15 are controlled by the same pathway.

The WHI2 gene codes for another important protein, mediating the coordination of
growth and cell proliferation. Whi2 mutant cells behave like wild-type cells in exponential
phase, but develop a pleiotropic phenotype upon entry into stationary phase. The traits
found in starved whi2 cells include continued division even upon carbon source ex-
haustion, abnormally small cell size, higher cell density, random arrest in the cell cycle,
failure to acquire stress tolerance, lack of glycogen accumulation, and rapid loss of via-
bility. In summary, whi2 cells retain properties of exponentially growing cells in the ab-
sence of nutrients (Sudbery et al., 1980; Saul ez al., 1985). The described phenotype of a
whi2 mutant is remarkably similar to the phenotype of a riml54 strain. Interestingly,
WHI2 mRNA is only present during the exponential phase but not during the diauxic
shift (Mountain and Sudbery, 1990). Its expression is therefore inversely regulated with
RIM15 expression. However, Whi2 has not been associated with any other known
regulatory pathway and no further elements interacting with Whi2 are currently known.

Taken together, several pathways have been identified that are involved in nutrient signal-
ing in S. cerevisiae. Even though we have convincing evidence that Rim15 acts through
the Ras/cAMP pathway, it still formally needs to be considered whether Rim15 may also
be involved in one of the other pathways. Preliminary results obtained so far have not
indicated an involvement of Rim15 in any of these alternative pathways. However, these
pathways are generally not very well characterized which renders studying them rather
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difficult and often makes results hard to interpret. As more results become available in the
future it should be easier to connect the single pieces and to draw a more complete
picture.

Riml5 - the missing link between meiosis and the Ras/cAMP pathway ?

Diploid yeast cells that are starved for nitrogen in the absence of glucose are able to
initiate meiosis and subsequently sporulate. The starvation signal that leads to meiosis
seems also to be transduced via the Ras/cAMP pathway. Mutations that inactivate cAPK
(e-g. cdc35), result in diploids that induce sporulation even in the presence of nutrients.
Mutations that confer high activity of cAPK (e.g. beyl) result in diploids that are deficient
for meijosis and sporulation (Shilo et al., 1978; Matsumoto et al., 1983). Control of
meiosis by the Ras/cAMP pathway has been implicated to be exerted via the IME! gene,
an activator of early meiotic gene expression. Bowdish ez al. (1995) demonstrated that
Imel acts by binding to the repressor Ume6 which in turn becomes an activator of early
meiotic genes (Bowdish et al., 1995). Overexpression of IME! enables cells to sporulate
in the presence of nutrients, which means that Ime1 is able to override the starvation sig-
nal (for a review on meiosis see Mitchell, 1994). It has been suggested that entry into
meiosis is regulated through IME] by the Ras/cAMP pathway, and accordingly imel has
been shown to be epicstatic to ras2 and cdc25 (Matsuura et al., 1990). However, until
now no direct link has been identified between the two pathways.

During our studies of Rim15 and its role in nutrient signaling we also observed that
diploid rim154 cells were defective for sporulation, which, as described above, is also a
phenotypic trait of beyl cells. Most interestingly, while our study was in progress, the
RIM15 gene has been identified through a screen for mutations that causes reduced ex-
pression of IME2, an early meiotic gene (Vidan and Mitchell, 1997). The authors showed
that a diploid riml54 strain had reduced levels of early meiotic transcripts. Furthermore
they were able to demonstrate that diminished Imel-Ume6 complex formation
cosegregated with rim!54. Therefore, current knowledge suggests that Rim15 may act by
stimulating formation of the Ime1-Ume6 complex and thereby expression of early meiotic
genes. These results are highly interesting since they indicate that Rim15 could be the
missing link between the Ras/cAMP pathway and the induction of early meiotic genes.
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Outlook - A glimpse over the RIM

The results presented in this thesis have provided answers to a number of questions
about trehalose synthesis and its regulation. They have also answered a number of ques-
tions that were not asked in the beginning of this project. And what makes science so in-
teresting is that with each answer at least three new questions will arise. Therefore, it is
now time to risk a look into the future and to see which of the new questions may be most
interesting to try and answer next.

1. The exact nature of the relationship between Rim15 and trehalose synthesis has unfor-
tunately not been fully elucidated. The possibility, discussed above, that Rim15 may act
on one of the regulatory subunits, Tsll or Tps3, seems worth to follow. Kinase assays
with epitope-tagged Tsl1 or Tps3 and GST-Rim15 would be the first step. It would also
be possible to analyze the consequences of RIM15 overexpression in various deletion
mutants (e.g. 1ps24, tps34, and tsi]14) of the Tre6P synthase/phosphatase complex
during exponential phase. This may indicate which subunit is important for a possible
Rim15-dependent regulation.

2. The identification of Rim15 as a downstream effector of cAPK in S. cerevisiae is an
exciting result, even more since it seems as if Rim15 may also be the link between the
Ras/cAMP pathway and meiosis. A next interesting and logical step would be the isola-
tion of downstream targets of Rim15. These may involve factors controlling the celi cycle
machinery, trehalose synthesis and elements of the sporulation pathway. Classical genetic
screens or two-hybrid screens would be possible ways to proceed.

3. The model presented in the General Discussion also suggests the action of a number of
cAMP-independent regulatory mechanisms upon Rim135. It will be interesting to learn
more about the nature of these regulatory mechanisms. These may be transcription activa-
tors or repressors, as well as activating proteins like protein phosphatases that are ex-
pected to relief cAPK-mediated inhibition of Rim15 upon the diauxic shift.

4. A number of other nutrient signaling pathways are involved in cell cycle progression
and growth control, in addition to the Ras/cAMP pathway. The possible relationship of
Rim15 with these pathways, for instance with the Snfl, the Tor, the Whi2, the Yakl, or
the Sch9 pathway has not yet been elucidated. It would be very interesting to find out
whether any of these pathways might converge at Rim15.
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